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Abstract

Sandia National Laboratories (SNL) conducts pioneering research and development in
Micro-Electro-Mechanical Systems (MEMS) and solar cell research. This dissertation project
combines these two areas to create ultra-thin small-form-factor crystalline silicon (c-Si) solar
cells. These miniature solar cells create a new class of photovoltaics with potentially novel
applications and benefits such as dramatic reductions in cost, weight and material usage.

At the beginning of the project, unusually low efficiencies were obtained in the research
group. The intention of this research was thus to investigate the main causes of the low
efficiencies through simulation, design, fabrication, and characterization.

Commercial simulation tools were used to find the main causes of low efficiency. Once
the causes were identified, the results were used to create improved designs and build new
devices. In the simulations, parameters were varied to see the effect on the performance. The
researched parameters were: resistance, wafer lifetime, contact separation, implant characteristics
(size, dosage, energy, ratio between the species), contact size, substrate thickness, surface
recombination, and light concentration. Out of these parameters, it was revealed that a high
quality surface passivation was the most important for obtaining higher performing cells.
Therefore, several approaches for enhancing the passivation were tried, characterized, and tested
on cells.

vi

In addition, a methodology to contact and test the performance of all the cells presented
in the dissertation under calibrated light was created. Also, next generation cells that could
incorporate all the optimized layers including the passivation was designed, built, and tested. In
conclusion, through this investigation, solar cells that incorporate optimized designs and
passivation schemes for ultrathin solar cells were created for the first time. Through the
application of the methods discussed in this document, the efficiency of the solar cells increased
from below 1% to 15% in Microsystems Enabled Photovoltaic (MEPV) devices.
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1

Introduction

Abundant, clean, and readily available energy is a vital component to the economic
development of the United States. Renewable energy, which has become one of the highest
global priorities, will play an important role in the future energy portfolio of the country. In the
words of our president (2009-2013): “We will harness the sun and the winds and the soil to fuel
our cars and our factories” [1].

Solar energy is the most abundant energy source within the renewable energy portfolio
[2] and solar cells have proven to be an excellent option for directly converting the photons from
the sun into electricity in a clean and reliable way. However, lower costs, higher efficiencies, and
longer term stability of the modules need to be achieved for solar cells to be a widespread
solution for energy production [3]. Currently, the cost of electricity generated through solar cells
is greater than the cost of electricity generated by burning fossil fuels. In 2008, the average cost
of installed solar power ranged between $3-5/Watt-peak (Wp) compared to the $1/Wp for fossil
fuel installations [4,5].

A cost breakdown [6] of the silicon photovoltaic (PV) systems (see Fig. 1) shows that
half of the system cost is due to the module cost and almost a quarter is attributed to the wafer
material. This presents great potential for reducing the cost by decreasing the amount of material
used. Moreover, if efficiency is increased, fixed costs in module assembly such as packaging,
terrain preparation, and wiring will also decrease.

1

Fig. 1. Costs breakdown associated with crystalline silicon module installations.

decades, there has been a large effort by manufacturers and researchers
Over the last few decades
to reduce the amount of material used and to increase the efficiency. Approaches to reducing the
crystalline silicon material usage have included: thinning single-crystalline
crystalline wafers,
wafer and a more
recent approach using miniature solar cells. Methods to increase efficiency include improving
device structure and using concentration optics
optics.

The use of thinner wafers has evolved in the industry
industry. As of 2010, most of the silicon
solar cell companies were working with thicknesses between 180 and 200 µm on six inch wafers.
However, a significant portion of the material is still lost during sawing. The effective material
usage is equivalent to a wafer with a thickness of 310
310-475 µm depending on the thickness of the
cut wire [7].
]. Besides the material losses, handling such a big wafer with a thin thickness is
difficult. Losses up to 4% are common due to breakage [[8]. Another problem with thin wafers is
the need for higher quality passivation. Due to the closer proximity of surfaces to collection
points in thin wafers, a slow surface recombination velocity is crucial for high efficiencies.
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Finally, as the wafers are thinned, absorption decreases yielding lower currents. Thus, light
trapping structures such as texturing and back reflectors are needed to enhance light absorption.

In contrast to wafer thinning, a more recent approach to reduce material use and increase
efficiency is to create miniature solar cells using microsystems technology. For example, Sandia
National Laboratories (SNL) has demonstrated that ultra thin silicon solar cells (10-20µm) of
small lateral dimensions (less than 1mm) can be released using micro-electrical-mechanicalsystems technology (MEMS) [9,10]. The miniature solar cells fabricated using this method are
called “microsystems enabled photovoltaics” (MEPV). MEPV derive their name from the fact
that the cells are created and released from the wafer using tools and techniques developed for
the microsystems and integrated circuit (IC) industry. The use of these tools could improve yield,
efficiency, and uniformity of solar cells with a mature and scalable material base and processing
know-how.

This promising technique uses materials with long term stability and with proven high
efficiencies. Also, given the thickness of the cell, semiconductor material is saved. This
technology enables the creation of solar cells that could be self assembled into inexpensive
substrates that are placed underneath low profile concentration optics to further reduce the use of
material and increase efficiency. It is anticipated that highly efficient, lightweight, and
inexpensive solar cells can be created. Fig. 2 shows (A) the conceptual design of an individual
miniature solar cell, (B) the conceptual design of the layers that form the module and (C)
prototype lens array with cells in flexible substrate.
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low profile
concentration
optics

250µm
20µm

high efficiency
solar cells
Solar cell
(A)

(B)
Inexpensive flexible
substrate

printed
interconnections

(C)

Fig. 2. (A) Conceptual design of the solar cell (B) Conceptual stack of substrate, electrical
contacts, cells, and concentration optics. (C) Prototype with lenses and cells.

Fig. 3 shows scanning electron microscope (SEM) pictures of the MEPV's produced at
SNL. The cells are hexagonal in shape, 250 µm in diameter and about 20 µm thick. They have
the p-n junction and both contacts (positive and negative) on the back. The shape of the contacts
is interdigitated, and the close proximity of the fingers could lead to improved carrier collection
[11]. This occurs since generated carriers do not have to travel a long distance to find a collection
point.

By having both contacts in the back, the front of the cell is open and free of metal
shading in contrast with conventional solar cells with front and back contacts. The use of thinner
cells significantly reduces the material use and could yield higher open circuit voltage (Voc) due
to reduced losses (less bulk recombination). Finally, given the aspect ratio of the cells (thickness
to diameter), they can be handled without breakage. More details about the design are given in
section 4 of this dissertation.
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Interdigitated
fingers

FRONT of the cell (exposed to light)

BACK of the cell (contacts side)

Fig. 3. Scanning electron microscope pictures of MEPV's

In addition to traditional PV module applications, MEPV cells could (by means of selfassembly of parallel assembly) be embedded in low cost flexible substrates, construction
materials, portable electronics, handheld devices, monitoring systems, and in flexible substrates
for backpacks or tents.

1.1

CONTRIBUTION OF THIS THESIS

As of May 2008, the attained efficiencies of Sandia’s miniature MEPV's were less than
1.5% despite using controlled and well characterized methods. This was due to un-optimized
design of the unique cell configuration. Given the problem of low efficiency, the main objective
of my research was to study the factors that impeded the high conversion efficiency in MEPV
cells made of crystalline silicon. Other challenges in need of a solution were: handling, testing,
interconnection, light concentration, and assembly.
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Commercial simulation tools were used to find the main causes of low efficiency. Once
the causes were identified, the results were used to create improved designs and build new
devices. In the simulations, parameters were varied to see the effect on performance. The
researched parameters were: resistance, wafer lifetime, contact separation, implant characteristics
(size, dosage, energy, ratio between the species), contact size, substrate thickness, surface
recombination, and light concentration. Out of these parameters, it was revealed that a high
quality surface passivation was the most important for obtaining higher performing cells.
Therefore, several approaches for enhancing the passivation were tried, characterized, and tested
on cells.

In addition, a methodology to contact and test the performance of all the cells presented
in the dissertation under calibrated light was created. Also, next generation cell designs that
could incorporate all the optimized layers including the passivation was designed, built, and
tested. In conclusion, through this investigation, solar cells that incorporate optimized designs
and passivation schemes for ultrathin solar cells were created for the first time. Through the
application of the methods discussed in this document, the efficiency of the solar cells increased
from below 1% to 15% in MEPV devices.

Finally, through this research, I authored two journal articles [12-13] and two conference
papers [11,14] in the scientific literature as well as co-authored six conference and journal papers
[9-10,15 - 18]. This research has appeared on scientific websites [19-20], on magazines [21], on
16

17

the local news [22], and in public television [23].
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2

2.1

Technical Background

INTRODUCTION

A summary to previous research relevant to the work of this dissertation is provided. The
objective is to familiarize the reader with the following areas: reduction of material in solar cell
fabrication, technologies that use microsystem tools to develop solar cells, back-point-contact
cells with interdigitated fingers, surface passivation technologies, and simplified equations that
describe solar cell behavior.

2.2

SURVEY OF METHODS TO REDUCE MATERIAL USE

An important goal of the PV industry is to reduce the amount of semiconductor material
used in the construction of solar panels in order to decrease the price of PV technology. In a
broad perspective, there are four approaches to reduce the use of semiconducting material: 1) use
highly absorbing and relatively inexpensive polycrystalline and amorphous thin films, 2) use
light concentration to increase the efficiency and reduce active area, 3) use engineered structures
in crystalline materials that enhance absorbance and 4) use wafer thinning technologies.

Thin films make use of highly absorbent materials that are applied in one or several
layers on a substrate. Due to the high absorbance, the amount of material used is minimal. Usual
7

thicknesses for this technology are from a few nanometers to a few microns. Organic solar cells
which use an organic polymer or dye have promised to create solar cell modules in an
inexpensive, fast, and reliable way. However, degradation of the material over time when
exposed to heat and ultraviolet (UV) light from the sun along with low efficiencies are major
problems [24]. Currently, there are limited commercial products available using this technology.
Inorganic thin film solar cells comprise the technologies that rely on the use of inorganic
semiconductors applied in the form of a film. The most important materials used are: copper
indium gallium diselenide (CIGS), Cadmium telluride (CdTe), and amorphous silicon. CIGS has
achieved the highest efficiency of the thin films (almost 20% in laboratories) and CdTe has
reached the lowest costs for PV modules (1$/Wp) [25].

Concentration technologies make use of optical elements that focus light onto a solar cell.
In this way; the amount of expensive semiconductor is reduced drastically and is replaced by a
simple, inexpensive concentration optics. However, systems of this type require tracking systems
to keep the light focused on the cell which increases the cost of this technology.

Interesting research on optical concentrators that are compatible with MEPVs is being
performed by the University of San Diego [26]. In this research, microlens arrays are coupled to
multimode waveguides in such a way that concentrated light travels to the edge of the waveguide
and then to a solar cell. The light is directed at a ninety degrees angle into a small area without
complicated tracking mechanisms. Fig. 4 shows the prototype of the concept showing the
concentrated output. In this approach, savings in photovoltaic material is created by reducing the
amount of semiconductor used.
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(C)
(A)

(B)

Fig. 4. A) prototype of microlenses array, B) zoom showing the concentrated solar output
C) schematic diagram of coupled light inside the waveguide [26].

Creating engineered structures with high absorbance is another way to reduce the amount
of material used. Such structures commonly incorporate nanorods [27], nano bristles [28], or
nanostructures [29]. The idea is to create an array of these structures. The light can bounce
several times within the structure until it is absorbed. Given the small dimensions of the
structures as seen in Fig. 5, the collection regions are very close to where the photons are
absorbed. Simulations show the potential of the technology. However, efficiencies of only 3%
have been attained experimentally.

100nm

Fig. 5. Engineered structures in silicon with high absorbance [27-29]

Thinning or creating thin wafers is another way to save material. In silicon, there have
been several approaches to create thin crystalline wafers not only due to the material savings but
9

due to other benefits. As a proof of concept, a solar cell produced on a 47 µm thinned wafer
resulted in an efficiency of 21.5% [30]. Since the wafer was thinned, this technique did not save
material but did demonstrate the advantages of using thin wafers. Some companies [31- 33] have
32

focused on creating thin wafers directly from molten silicon to avoid sawing wafers. Currently,
Evergreen Solar produces solar panels using this technique with efficiencies up to 13.7% [34].
Laboratory cell efficiencies as high as 17.8% have been demonstrated [35].

Other methods create thin wafers by using detachment planes created by thermo-mechanical
stress [36], by hydrogen implantation [37,38], or by the creation of a porous layer [39]. In these
approaches, large area wafers of thickness between 20µm to 50µm are detached avoiding
material waste by sawing (Kerf loss).Aside from the material and cost savings [40], there has
been interest in using thin silicon films due to other positive benefits such as: improvements of
the spectral response, open circuit voltage, fill factor, and higher tolerance for radiation in outer
space [41]. The thinning benefits are more noticeable in silicon with short bulk lifetimes [42]
since thinner substrates reduce bulk recombination [43].

However, thinning the wafer introduces several problems. For example, the thinner the
substrate the more the surface recombination effects come into play. "Neglecting surface
recombination, the ultimate energy conversion efficiency of a thin-film silicon (Si) cell with a
suitable optical confinement scheme (light trapping) is higher than its bulk Si counterparts, since
volume recombination is lower in the thin-film cell. However, surface passivation puts a more
severe constraint on the maximal cell efficiency than (Auger) bulk recombination" [44].
Passivation schemes are discussed later in the theoretical background. Moreover, the absorption
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of silicon is decreased as the thickness is reduced. With an engineered textured cell, the path
length of the light (and thus absorption) is increased by multiple internal reflections. Fig. 6
shows a representation of the structures. Optimum light management structures have separately
been predicted to enable an efficiency of up to 20% for a 1 µm well-passivated solar cell or 26%
efficient cells with a thickness of only 5 µm [45]. Techniques such as anisotropic etch using
potassium hydroxide (KOH) on (100) oriented wafers or acid based chemical etches for other
crystallographic orientations such as (111) are common techniques used by the solar cell industry
to create textures on the cell substrate [46].

cell
Planar front: one reflection

back reflector
Textured front: multiple
reflections

Fig. 6. Comparison between a planar and a textured front surface

2.3

SURVEY OF MEPV APPROACHES

In this section, technologies that use small cells and technology borrowed from the
microsystems area are discussed. For example, in gallium arsenide (GaAs), it has been shown
that using a small die below 1 mm2 in area enhanced efficiency, improved heat dissipation and
reduced production cost [47].
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In another example, millimeter scale silicon cells were used in conjunction with
concentration optics to create low profile concentration modules [48] with highly efficient solar
cells. Using silicon as the material, SunPower Corporation cut square cells with dimensions of
2.3 mm on each side and back contacts as shown in Fig. 7. Importantly, the edges were heavily
doped to create electric fields to repel carriers and effectively reduce recombination [49]. This
technique produced 18.4% efficient cells with a thickness of 120 µm [50]. Other groups took
advantages of these mini solar cells to create a miniaturized solar cell module to power up
sensors [51].

Fig. 7. Approach proposed by SunPower corporation to create small solar cells with
passivated sides [50]

Other relative small silicon cells used in mild concentration applications in a Rondine
module (module that uses mirrors instead of lenses for concentration) [52,53] have been created
using the laser grooved buried contact (LGBG) technique which can handle high currents with
small shading losses. The cells [54] are made of crystalline silicon in dimensions varying from
12

12 to 16mm on the side and have attained efficiencies of 18%. Currently, the efficiency record
for silicon cells is 27.6% using a small, 1 cm2, 125 µm thick, back-contacted, rear junction cell
under 92 suns [55,56].

SLIVER® cell technology [57] also fits into the area of thin c-Si cells with small lateral
dimensions. The slivers are produced in 0.5 to 1 mm thick wafers which are micro-machined to
form narrow and thin (around 50 µm) parallel trenches perpendicular to the wafer surface and
through the wafer. A small frame is left around the edge of the wafer to hold the remaining thin
“slivers” of silicon to the wafer. The slivers are subsequently processed to form junctions by
implanting or diffusing dopants on the edges of the slivers. Once the processes of the cells are
finished, the slivers are released, interconnected, and encapsulated into a module. The slivers are
about 50 µm thick, 0.5 to 1 mm wide, and several cm long with efficiencies up to 20.1% [58].
Fig. 8 shows the process, dimensions, structure, and assembly of the solar cells.

Fig. 8. Sliver® cell generation, configuration, and assembly [57-58]
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Lastly, a group from the University of Illinois [59] recently demonstrated an approach
similar to the one proposed through this research. The cells are long, rectangular shaped, and
processed and defined through lithographic steps. The cell is then under-etched except for a tiny
section that works as an anchor. The electrical interconnection is created and finally a stamp
adheres to the cells and breaks them free from the wafer. The stamp provides a receiving
substrate for the cells. These cells achieved efficiencies from 4% to 10% with thicknesses from
20 µm to 50 µm, respectively [60]. The same group is researching methods to increase the light
absorption of the cells by incorporating nanoscale features formed by soft imprint lithography
[61]. Fig. 9 shows the processing used to create, etch, print and assemble a mini module.

Fig. 9. Processing steps of the University of Illinois to achieve thin solar cells [59]
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2.4

IMPORTANT MEPV CELL DESIGN PARAMETERS

The type of contact is an important parameter in the design of MEPVs. Due to the thin
wafer, a back-contact design is highly desirable to maximize light absorption in the front of the
device. The cell designs in this work are primarily based on the point back-contacted crystalline
silicon solar cells proposed by Sinton and Swanson [62]. This design is optimized for cells under
light concentration and is the most efficient variant among similar designs such as: the polka dot
[63], the interdigitated back-contact cell [64], and the emitter wrap through [65] designs. Fig. 10
shows a perspective view diagram of Sinton and Swanson's design which shows small
implantation areas [66] closely spaced to each other to enhance collection. The metal only
contacts the semiconductor in small areas.

Fig. 10. Cross section of a portion of the proposed solar cell by Sinton and Swanson [62]

The cells presented through this dissertation, here show key differences in scale and
geometry compared to Sinton and Swanson’s cells, with sub-millimeter lateral dimensions and
thicknesses in the order of tens of microns. Back-contacted solar cells are desirable due to their
high efficiency and suitability for concentration applications. To date, the record for the highest
15

efficient silicon solar cell is held by Amonix using the back contact approach with interdigitated
fingers and point contacts. The group reached a conversion efficiency of 27.6% under 92.3 suns
concentration using a small, 1 cm2 cell [67] and microsystems concepts. The group was able to
obtain a fill factor of 82%, 808mV of Voc, and a current of 38.47 mA with 125 µm thick silicon
solar cells [68].

Back-contacted cells have no metal shading losses and allow coplanar interconnection
(both contacts in the back rather than front and back contacts). Another advantage of these cells
is that they can have the back junction optimized for electrical performance (metal lines could be
wide and thick and have low resistance) and the front surface optimized for optical performance
independently of each other [65]. In point back-contacted cells the metal only touches the
semiconductor in small areas in comparison with conventional back-contacted cells in which the
metal contacts most of the back area. Small contacted areas reduce losses due to recombination
at metal-semiconductor interfaces. Furthermore, point-contacts improve back reflection.

A careful design of back-contacted solar cells has to be followed since there are tradeoffs
between the different variables. For example, “High base doping density is needed for low series
resistance, yet high doping levels reduce minority carrier diffusion length and reduce the benefit
of a back surface field” [69]. In the same manner, high base (background) doping yields better
fill factors (lower diode ideality factors) by keeping the material in low level injection. This
creates a smaller amount of light-generated carriers compared to the initial ionized carriers (due
to background doping) [70]. Another design tradeoff example is cell thickness: the thicker the
cell, the more absorbance. However, thicker cells present more recombination in the bulk, which
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can reduce the efficiency [71]. Other research [72] portrays the interdependence of the
base/emitter coverage ratio, the passivation quality, and the distance between base and emitter
(pitch), concluding that the best performance is achieved with small base/emitter ratios
(enhanced external quantum efficiency due to lower recombination), high resistivity substrates,
highly passivated surfaces, front surface fields (which improve UV light stability and improve
current transport), and smaller pitch between base and emitter.

One of the disadvantages of the cells shown in Fig. 10 is the low throughput of the
process. Also, they need a high diffusion length (L) to device thickness ratio. Having a material
with high L implies an expensive substrate and having a thin substrate implies low absorption
[73]. High L materials are expensive since high diffusion length substrates have a high lifetime
which means that they have less defects and having a wafer without defects requires multiple
steps of purification which increase the production price. Also, since silicon is an indirect
semiconductor, there is a minimum amount of silicon needed to absorb the incoming light. This
problem can be fixed with texturing and light trapping structures to substantially enhance the
performance of these cells. A different weakness is the high cost of the fabrication of these
devices. However, the problems listed can be resolved at the same time by using a design and
production approach similar to the one proposed through this work.

The design shown in Fig. 10 was used for the Sandia cells since the literature suggests
that high performance cells are made with “finely designed emitter dots and well passivated
surfaces, made on high resistivity substrates” reaching the highest predicted efficiency of 30.4%
when using emitters 0.7 µm in size and a 6% coverage fraction of doped areas in the back (3%
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for emitters and 3% for base dots) on a 100 µm thick textured substrate with antireflection (AR)
coating [74].

2.5

PRELIMINARY MEPV RESULTS AT SANDIA LABORATORIES

In May 2008, Sandia had successfully fabricated and released miniature solar cells. These
cells were hexagonal silicon pieces fabricated on the device layer of silicon-on-insulator (SOI)
wafers with a back p-n junction. Fig. 11 (A) shows the hexagonal cells on the wafer. The wafers
were then submerged in hydrofluoric acid to selectively etch the buried silicon dioxide layer of
the SOI wafer making the cells detach from the handle and float freely as shown in Fig. 11 (B).
Finally, the cells were rinsed and stored in vials filled with isopropyl alcohol (IPA) (Fig. 11 (C)).

A

B

C

Fig. 11. Miniature solar cells on SOI wafers (A), released (B), and stored in IPA (C)

A radial design was employed. The design has one central contact and outer rim contact.
Interdigitated radial fingers between the contacts were used to enhance collection. Several ndoped fingers went from the center contact towards the cell edge without touching the outer rim
contact. Also, several p-doped fingers went from the outer rim contact towards the center without
touching the center contact. Fig. 12 shows the image of the back of a 250 µm solar cell with
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radial contacts. More details about the design and fabrication of this cell (referred as radial
design) are discussed in the following chapters.

p
n

Fig. 12. SEM picture of a 250 µm solar cell with radial contacts

Although fabrication of the first generation of MEPVs was successful, many problems
remained to be solved. Fig. 13 shows a J-V curve of the first Sandia cell tested under calibrated
light using probe tips to contact the cell. The first generation cell had a conversion efficiency of
0.7%, small Voc, low current, and low fill factor. Other problems with these initial cells included
the lack of a metallization layer and the lack of a passivation layer in the front of the cell. Also,
the percentage of implantation % coverage on the back of the cell as well as the p/n
(base/emitter) implantation ratio was not optimized. Until then, the solar cells had only been
tested using a probe station using pseudo-calibrated light. A metallization process and a
packaging procedure needed to be developed and tested under standard sun sources.
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Fig. 13. J-V curve obtained from the first Sandia cells

2.6

PHOTOVOLTAIC FUNDAMENTALS

In this section, a set of analytical equations that describe the behavior of solar cells is
presented. The intention of this work was to obtain an intuitive feel for important parameters in
the design of solar cells. The derivations presented here are based on book references [83,75] and
on internet sources [76,77].

A solar cell with the characteristics of Fig. 14 is considered. The light enters the solar cell
passing through an antireflective coating layer that reduces reflection and surface recombination.
As the light enters the semiconductor material, it generates free holes and electrons in the
semiconductor that are separated by an electric field produced by the fixed charge in the
depletion region. The holes will travel to the back contact, and the electrons will be collected
through the front metal grid.
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photons
Front metal
grid

Front surface
recombination

Antireflective (AR) layer
-xn
n-layer

Neutral region

-wn
0

Depletion or
space charge region
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Neutral region
xp

Back metal contact

Back surface
recombination

Generated holes

Holes moved by field

Generated electrons

Electrons moved by field

Fig. 14. Simplified solar cell structure of thickness xp+xn . The fixed charges + and - are
due to ionized donors and acceptors making a depletion region of width wn+wp

An electrical schematic of this cell is shown in Fig. 15. Two diodes and one resistor are
connected in parallel to the current source, and one resistor connected in series.

Rs
I1

I2
Rsh

Isc

I

+
V
-

Fig. 15. Representative electric circuit of a solar cell

The equation that describes the circuit from Fig. 15 has the form of:
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I (V ) = I sc − I 1 − I 2 − I R

Eq. (1)

Where:

I (V ) is the current of the cell as a function of the applied voltage
I sc is the current due to generation of carriers under illumination

I 1 are the losses (expressed as a minus sign) due to recombination in quasi neutral
regions, also called the diffusion current

I 2 are the losses (expressed as a minus sign) due to recombination in the depletion
region, also called the drift current

I R are the losses in the current (expressed as a minus sign) due to parasitic resistances in
the cell
Eq. 2 is re-written to incorporate all the different components of the current.
I (V ) = I sc − I o1 (e q (V + IRs ) / n1kT − 1) − I o 2 (e q (V + IRs ) / n2kT − 1) −

(V − IRs )
Rsh

Eq. (2)

I sc is the short circuit current of the cell under illumination when there are not parasitic

resistances
I o1 is the saturation current due to recombination in the quasi-neutral regions (no field)
I o 2 is the saturation current due to recombination in the depletion region (field)

q is the elemental charge (1.602176×10 -19 C)
Rs is the lumped series resistance (Ω)
Rsh is the lumped shunt resistance (Ω)
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n1 and n2 are the diode one ideality factor and the diode two ideality factor respectively.
A value of 1 is used for diodes dominated by recombination in the quasi-neutral regions and a
value of 2 for diodes dominated by recombination in the depletion region.
k is Boltzmann constant (1.3806504×10 -23 J/K)

T is the absolute temperature in K

Each of the quantities above are defined in order to obtain a more fundamental
understanding of the cell including geometrical aspects. First, the saturation currents (dark
currents) due to recombination in the quasi-neutral regions (diffusion current)  and in the
depletion region (drift current)  are defined as follows:
I o1 = I o1 p + I o1n
I o 2 = qA

Eq. (3)

wD ni

Eq. (4)

τD

Where τ is the lifetime of the carriers in the material
Where I o1 p and I o1n are the dark saturation currents due to recombination in the quasineutral regions (only diffusion acting) for holes and electrons respectively defined as:

[
[

]
]

[
[

]
]

[
[

I o1 p = qA

ni D p  D p L p sinh ( xn − wn ) / L p + S n cosh ( xn − wn ) / L p

N D L p  D p L p cosh ( xn − wn ) / L p + S n sinh ( xn − wn ) / L p

I o1n = qA

ni Dn  Dn Ln sinh (x p − w p ) / Ln + S p cosh (x p − w p ) / Ln

NA Ln  Dn Ln cosh (x p − w p ) / Ln + S p sinh (x p − w p ) / Ln

And:
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[
[

]
]

]
]

Eq. (5)

Eq. (6)

wD is the depletion width bias-dependent (in cm)
ni is the intrinsic carrier concentration   1

10 (cm-3) at 300K

N D is the total number of donors atoms (dopant n density) or sites/cm3
N A is the total number of acceptors atoms (dopant p-density) or sites/cm3

Then, the currents I sc , I o1 , and I o 2 are found next. The net short circuit (photocurrent)
current I sc is analyzed first.

∞

I sc = ∫ isc ( E )dE

Eq. (7)

0

Where:

E is the energy of the incoming spectrum (eV)
isc is the short circuit spectral photocurrent due to generation (A) defined as the sum of

the contributions of all regions: the n-type region in , the p-type region i p , and the depletion
region idep . Fig. 16 shows an energy band diagram of a p-n junction under equilibrium to show
where the different currents are being generated.

isc ( E , w p ) = −i p − idep − in

Eq. (8)
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Fig. 16. Energy band diagram showing where the components of isc are created

This leads to the definition of the generated minority carrier diffusion currents from the
neutral regions for electrons in and holes ip given by:

 qb (1 − R )αLn  
in ( E , w p ) =  s 2 2

 α Ln − 1  

(

)

(

S n Ln
Dn

( )+ sinh( )) − αL e

( sinh( )+ cosh( ))


)

+ αLn − e

Sn Ln
Dn

 qbs (1 − R )αL p  −α (x p + wn ) 
i p ( E , wn ) = 
e
αL p −
2 2
 α L p − 1 


(

)

(

−α x p − w p

S pLp
Dp

)

(

S n Ln
Dn
x p −wp
Ln

cosh

x p −wp
Ln
x p −wp
Ln

x p −wp
Ln

(cosh ( )− e ( ) )+ sinh ( )+ αL e
( sinh ( )+ cosh( ))
xn − wn
Lp

S p Lp
Dp

−α xn − wn

xn − wn
Lp

(

−α x p − w p

)

n

xn − wn
Lp

xn − wn
Lp

p

−α ( xn + wn )

Eq. (9)




 Eq. (10)

In equations 9 and 10, the quantities inside the square brackets represent the generation
due to light in the neutral regions and the quantities in the curly brackets represent the
recombination and losses in these same regions.

The spectral contributions to the photocurrent in the depletion region are given by:
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{

idep ( E ) = qbs (1 − R )e

(

−α x p − w p

)

(1 − e

(

−α x p + wn

)

)}

Eq. (11)

wn and wp are the depletion region width for electrons n and holes p (in cm)
bs is the spectral photon flux density normal to surface (#photons/(s m2)
R is the reflection of the sample (0-1)
α is the absorption coefficient in (cm-1) which is the probability of photon absorption at a

given wavelength. See Fig. 17 to see the variation of absorption vs. wavelength
Ln and Lp are the diffusion length in cm
xp and xn are the thickness of the p and n layers respectively in cm
Sp and Sn are the surface recombination velocity for electrons and holes respectively in
cm/s
Dn and Dp are the diffusion coefficient for electrons and holes respectively in cm2/s

It is useful to express the ratio of the diffusivity and the diffusion length in terms of the
material lifetime
L = Dτ
D
=
L

D
=
Dτ

Eq. (12)
D D
=
Dτ

D

Eq. (13)

τ

Where τ is the lifetime of the carriers in the material in seconds: τp for holes and τn for
electrons. The diffusivity D in (cm2 /s) (Dn for electrons and Dp for holes) can be expressed in
terms of mobility using the Einstein relation as follows:
Dn =

kTµ n
q

Eq. (14)
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Dp =

kTµ p

Eq. (15)

q

This makes the ratio D/L equal to
Dp
Lp

=

Dn
=
Ln

Dp

τp
Dn

τn

(kT / q )µ p

=

Eq. (16)

τp

(kT / q )µ n

=

Eq. (17)

τn

For the calculation of the mobility, there are excellent empirical equations that describe
the carrier mobilities for a given dopant density N and temperature T [78]

µ = µ min +

µ0

1 + (N N ref )

Eq. (18)

α

η

 T 
β = β 300 

 300 

Eq. (19)

Table 1. Fit parameters for mobility calculation for silicon at different temperatures
Values at 300 K
electrons
holes
17
1.30×10
2.35×1017
92
54.3

µ0

1268

406.9

Temperature
exponent (η)
2.4
-0.57
-2.33 electrons and
-0.23 for holes

α

0.91

0.88

-0.146

Parameter
Nref (cm3)
µ min

where β represents one of the following parameters: µ min, µ 0, Nref, or α and β300 is the
value of that parameter at 300 K
The depletion width is defined using the following definitions:
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wD = wn + w p =

2ε
q

wD (V ) = wn + w p =

 NA + ND 

(Vbi − 2kT / q ) Equilibrium
N
N
A D 

2ε
q

 N A + ND

 NAND


(Vbi − V )


Biased

Eq. (20)

Eq. (21)

Where:
ε is the dielectric permittivity of the silicon 11.68×8.8542×10−12 A·s/(V·m)

Vbi is the built-in voltage

Vbi =

kT  N D N A 
ln 

q  ni2 

Eq. (22)

In equations 9-11, the absorption coefficient α, was introduced and is the probability of
photons being absorbed at a given wavelength. Fig. 17 shows the variation of absorption vs.
wavelength from [79]. The absorption is high for short wavelengths but poor for long
wavelengths.
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Fig. 17. Absorption coefficient for silicon

In order to be consistent with other measurements around the world, the ASTM G173-03
spectrum is used as a reference. This spectra [80] is plotted in Fig. 18. The spectra represents the
solar spectrum after traveling through the terrestrial atmosphere.
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Fig. 18. Standardized solar spectra on earth truncated to 1300 nm

The equations presented in this section are a good way to understand the device under
solar illumination. From these equations, a small Excel macro program was created. The
program solved the equations to obtain J-V curves and gave an idea of the interaction of the
different parameters. First, numerical values were assigned to the dopant densities and
temperature to calculate voltage independent parameters such as: mobilities, diffusivities, and
built in voltage. The depletion widths, and the saturation currents Io1 and Io2 were calculated by
solving equations 9-11. Eq. (2) was re-written in the form of Eq. (23) to consider one diode. Eq.
(23) was solved for the root varying I using the Excel function goal seek [81] to make the
equation as close to zero for each given voltage.

(

) (V R− IR ) = 0

− I + I sc − I o1 e q (V + IRs )/ n1kT − 1 −

s

sh

30

Eq. (23)

Finally, the Excel code was used to graph the current voltage characteristics of a solar
cell with a short circuit current of 32 mA/cm2, temperature of 300 K, diode ideality factor of 1.4,
saturation current of 1×10-9 A/cm2, shunt resistance of 10000 Ω, and series resistance of 0.1Ω.
There are four curves in the graph: the first curve uses the parameters aforementioned (ideal
case), the second curve uses a higher saturation current of 1×10-7 A/cm2, the third curve uses a
low shunt resistance of 100 Ω, and the fourth curve uses a high series resistance of 12Ω. Fig. 19
shows the results.
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Fig. 19. Graph of simulated J-V curves using the equations described in this section.

Fig. 19 reveals that having a high series resistance or a low shunt resistance decreases the
maximum power (evidenced by a low fill factor) while maintaining the voltage and current at
about the same levels. On the other hand, a higher saturation current leads to lower voltages. The
saturation currents represent non ideal losses caused by recombination. Equations 4 and 5, which
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describe the saturation currents in the quasi-neutral regions, contain terms of surface
recombination. If the surface recombination is high, then the saturation current increases,
detrimentally affecting the maximum output voltage of the cell. In a solar cell, passivation
methods are used to reduce surface recombination and thus increase the voltage.

2.7

PASSIVATION AND ANTI-REFLECTION OF SURFACES

Approaches to achieve effective passivation are discussed in this section. Surface
passivation in solar cells is crucial for high efficiency, especially in thin devices and in backcontacted solar cells. "Surfaces and interfaces represent rather severe discontinuities in the
crystalline structure of silicon" [82]. Surface atoms at the front or side of the cell have
incomplete bonds (dangling bonds). These bonds create high densities of defects (energy levels
in the forbidden gap) which are attractive to photo generated carriers. In these sites, carriers are
trapped, recombined, and lost.

Passivation is achieved by either the use of fields to reject one type of carrier away from
the surface, or by reducing the density of incomplete surface bonds using a specialized coating.
Usually, the quality of surface passivation is measured with the surface recombination velocity
or with Joe (emitter saturation current) when a p-n junction is available. Fig. 20 shows solar rays
striking a matrix of silicon atoms. The figure shows that most of the carriers are generated close
to the surface and recombined where there are dangling bonds.
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Fig. 20. Representation of surface recombination

2.7.1

Passivation via electric fields

The passivation of the surfaces by using fields can "either physically be present or
induced by fixed charges in a covering dielectric layer" [73]. The physically present fields can be
created a doped layer (built in field) that rejects the minority carriers from reaching the surfaces.
The doped layer creates a potential barrier to minority carriers [83]. "The application of a
suitable potential to the conducting layer can modulate the surface potential from strong
accumulation through depletion to strong inversion" [84]. Other research groups have performed
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optimization studies of passivation using dopant diffusions to create fields. They concluded that
a small field created by shallow dopant diffusions (sheet resistance between 105-120 Ω/) gave
the best front surface field [85], this type of shallow dopant diffusion also yielded the best
response to short wavelengths (blue) [86,87].

The electric field can also be induced by fixed charges in a covering dielectric layer. In
this case the fixed charges are created during the growth of the dielectric layer. This approach is
preferred since the layer passivates by both using fields and by reducing the surface defect
density. The most common layers used are made of silicon nitride, silicon dioxide, amorphous
silicon, and alumina. They are discussed in detail in the next section. Fig. 21 shows how the
positive carriers (holes) are repelled from the surface of the material due to the electric field that
is induced by the positive charge in the front (+). In this way, the free electrons cannot find holes
to recombine in the surface which reduces the recombination rate.
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Fig. 21. Representation of surface passivation by fields

2.7.2

Passivation by neutralization of defects

For neutralization of defects, thin films are used. The material is deposited on top of the
bare surface and usually serves a dual purpose, as a passivation layer and as an antireflective
coating providing that the thickness and refraction index (RI) are adjusted. The thin film of
material deposited satisfies the incomplete or dangling bonds by attaching an atom to those free
bonds. In this manner, the bonds no longer attract and trap carriers, which reduce the surface
recombination as shown in Fig. 22.
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Fig. 22. Representation of surface passivation by passivation of defects

The most studied layers for the passivation of silicon are: thermal oxide, amorphous
silicon, and nitrides, or a combination of these. Lately, atomic layer deposition (ALD) of alumina
which is a low temperature process (below 200 °C), has received attention.

2.7.2.1

Silicon dioxide layers

Grown silicon dioxide (SiO2) is produced in a furnace held at high temperature in which
an oxidant component is introduced: either water (wet oxidation) or oxygen gas (dry oxidation).
In this process, the silicon of the original material is consumed at the same time oxygen reacts
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with the layers to create a layer of silicon dioxide. This moves the interface towards cleaner parts
and passivates defects. The rates of growth for the layer are well known for a given temperature,
crystal orientation, and time [88]. When only silicon dioxide is used, an extra anneal under
forming gas (Hydrogen-Nitrogen mixture) is performed to decrease the density of interface traps
[89]. The disadvantage with this process is that the traps release the hydrogen introduced during
forming gas and escapes the silicon and silicon dioxide.

High

temperature processes (around 1000 °C) are known to degrade bulk lifetime in

multicrystalline materials besides being non compatible with high throughput applications.
Furthermore, the stability of SiO2 layers under UV light is not as good as other layers [90,91].
This instability is possibly caused by the created recombination centers due to the photoinjection of electrons from the silicon into the silicon dioxide [92]. The passivation effect from
the SiO2 layers comes from satisfying dangling bonds with oxygen at the interface and from a
high positive fixed charge in the order of Qox= (1-10) ×1011 cm-2. This charge is possibly formed
by a small fraction of Si dangling bond defects with three oxygen back bonds (pox defect) [66] in
combination with a low density of interface states at midgap Dit = (1-10)×1010 cm-2 eV-1 [93].
Given the refractive index of Silicon dioxide (1.46) and silicon (4.08) at 550nn (maximum of
solar spectra), any thickness of SiO2 is not optimal to be used as an AR coating. However at a
thickness of approximately 95 nm, there is a minimum reflection for solar radiation [94].

For the case of Sandia MEPV devices, high temperature processes are not compatible
with the fabrication. The metal is applied prior to the passivation, and heating the cell to above
600 °C under an oxidizing atmosphere destroys the metal. Another way to create a silicon
dioxide layer at low temperatures, is to use plasma enhance chemical vapor deposition
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(PECVD). PECVD silicon oxide is created by reacting silane and oxygen inside the chamber
with the help of a RF plasma. Since this layer is deposited and not grown, it possesses a lower
passivation quality. However, it has the advantage of being deposited at lower temperatures,
decreasing the thermal budget of the process and not damaging previously created metallization.

2.7.2.2

Silicon nitride layers

Silicon nitride (Si3N4) deposited by PECVD is another low temperature deposited film.
PECVD nitride is widely used technique for passivation due to the range of achievable refractive
indexes, the high hydrogen content, and the fixed charge created at the interface [95]. It has been
proven that the surface passivation quality of hydrogen rich Si3N4 films can be superior to silicon
dioxide if optimized. These films possess a more suitable index of refraction for creating an AR
coating [96] and better stability under UV light. The index of refraction can be tuned from 1.9 to
2.4 which helps create an ideal, one-layer antireflection coating for silicon.

The large amount of hydrogen comes from hydrogen to silicon (Si-H) and nitrogen to
hydrogen (N-H) bonds. Hydrogen from the ionized gas mixture is trapped in the interface
between Si3N4 and Si that is created during the nitride deposition [97,98]. This interface has a
high solubility for hydrogen. During subsequent anneal steps, the interface acts as a hydrogen
source, releasing it in the same way as dopants are released in drive in steps [99]. During the
annealing steps, the Si-H and N-H bonds are broken. The hydrogen diffuses in the silicon
creating hydrogen terminated bonds, this passivates dangling bonds, traps in the silicon surface,
and in the bulk [100]. This makes these sites unable to attract and capture carriers thereby
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lowering recombination rates [101]. The Si3N4 films end as hydrogenated amorphous SiNx which
act as a barrier against out-diffusion of hydrogen [102]. Furthermore, the deposition of SiNx
films lead to a space charge region with fixed charge in the order of Qf = 1012 cm-2 . This charge
creates a difference between electron and hole density near Si/ Si3N4 which reduces the surface
recombination [103]. This produces one of the following two effects: 1) has the effect of creating
a depletion/inversion layer in p-type silicon or 2) it acts as a repelling barrier for minority
carriers in an n-type silicon [104].

Positive charges are preferred on n-doped surfaces and negative charges on p-doped
surfaces. Typically n-type silicon is more tolerant to common impurities and has longer diffusion
lengths than p-type silicon which has boron-oxygen light induced degradation. However, if the
charge in p-type silicon is too high, it induces a parasitic junction, which limits the efficiency of
the cell [105].

Other research [106] has shown that the annealing temperature and time have an effect on
the passivation quality. Calculations based on diffusivity predict shorter times for the anneal.
However, considering all the crystal defects, dangling bonds, point defects, and process-induced
traps in the bulk, the annealing times are longer than predicted by the theory. Detailed research
about the interface state density and type of traps generated at the Si/ Si3N4 interface is reported
by performing CV measurements on thin nitride films [107]. Two maximum points of high
lifetime were observed while annealing the films through a rapid thermal anneal (RTA) system.
The first maximum is attributed to the dissociation less stable N-H bond and the second
maximum is attributed to the Si-H bond which breaks at a later time. As the time progresses, the
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densification of the film reduces the escape rate of the hydrogen and reduces the diffusivity of
hydrogen through the nitride.

There has been research that used pre-treatments of hydrogen [108] or ammonia [109]
plasma before nitridation to further improve the passivation. However, it has been observed that
the order in the process of the hydrogen plasma leads to different effects: if it is performed after
the contacts, the effect disappears in the anneal (fire through), and if it is performed before, fill
factor losses arise [110].

Optimization studies show that deposition temperatures between 350 °C and 400 °C and
a higher index of refraction 2.3-2.4 lead to better passivation and stability during thermal anneal
[111]. The density and the amount of hydrogen at the interface are important parameters to
optimize and seem to be interdependent [112].

Drawbacks to using silicon nitride films for passivation are the dependence of the
passivation on the doping type and level, the high absorbance in the UV range and the low etch
rate [113].

2.7.2.3

SiO2/Si3N4 bilayers

High laboratory effective carrier lifetimes have been obtained by introducing a double
layer passivation using 10 nm of SiO2 beneath Si3N4. Lifetimes in the order of 10 ms and surface
recombination velocity numbers below l cm/s have been obtained [114]. This low recombination
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velocity is attributed to the lower density of interface states generated when the intermediate
SiO2 layer is used as a buffer layer [115].

2.7.2.4

Alumina and amorphous silicon layers

Alumina has been used as a passivation layer in silicon deposited at temperatures below
200 °C. The technique used to deposit the films is called Atomic Layer deposition (ALD)
[105,116]. "ALD is a deposition technique that provides high conformity and thickness control
by utilizing self-limiting surface reactions and sequential reactant injection"[16].

Other passivation layers such as amorphous silicon have revealed more effectiveness than
nanocrystalline silicon (nc-Si) and microcrystalline (µc-Si) thin films [117] due to its relatively
higher hydrogen content. It is less effective compared to thermal oxides or plasma nitrides.
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3

3.1

Simulation of MEPV

INTRODUCTION

Due to the cost and time constraints in the physical production of electronic components,
it is difficult to gain a full understanding of the effect of device variables on the efficiency of the
cell. As an alternative, computational electronics has proven to be a valuable tool to simulate the
physical and electronic behavior of electronic devices [118]. In this chapter, computational tools
are used to simulate the solar cell device fabrication as well as the electrical characteristics of the
produced devices. Important parameters and phenomena related to the ultra-thin nature of the
cells are also explored.

Extensive work has been made to simulate the performance of macro-scale solar cells. In
contrast, MEPV is a novel approach that has smaller lateral sizes and thinner thicknesses than
conventional solar cells. Thus, much simulation work was needed to gain insight into critical
device parameters. This section of the dissertation shows simulation results never presented
before for miniature cells. First, the partial differential equations used in commercially available
software are presented, and then the results from using these tools are presented. The parameters
(processing and device structure) are systematically varied to gain insight into performance as a
function of parameters.
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3.2

MEPV UNIT CELL STRUCTURE

Although equations 2 to 22 gave a good understanding of the influence of the parameters
in performance of the solar cell, the accuracy of the model was limited due to simplifying
assumptions. Also, the model did not consider all the interactions between the parameters.
Besides the limitations, the model presented in section 2.6 described the behavior of a one
dimensional stacked cell. In stacked cell, the n-material is on top of the p-material as shown in
Fig. 14. The miniature cell of interest for this dissertation in contrast, has a back junction and
back contacts which entails a two dimensional structure as shown in Fig. 23.

Fig. 23 shows the structure used to model the miniature solar cell. It is a two dimensional
block, back-contacted, silicon solar cell section with implanted dopants and point contacts,
which is representative of the whole solar cell. Parameters such as device width, thickness,
contact size, and implant width, are shown in the figure. The light enters the solar cell passing
through an antireflective coating layer. The AR layer reduces reflection and surface
recombination. As the light enters the semiconductor material, it generates free holes and
electrons in the semiconductor. In the case of a back contacted solar cell, the electric field is
present only towards the back of the cell. With no electric fields, most of the carriers generated
in the front have to diffuse to the back surface. The holes are preferentially collected at the
contact labeled p+ and the electrons are preferentially collected through the back contact labeled
n+.
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Fig. 23. Representative block with defined dimensions used for the simulations

3.3

SIMULATION ALGORITHM

In order to have a numerical solution for the device pictured in Fig. 23, two dimensional,
partial differential equations are needed to describe the device. Computer software which uses
numerical methods was used. Two main tools were used to simulate the process and electronic
behavior of the device: Tsuprem4 and Medici. Tsupreme4 by Synopsys is a two dimensional
process simulation program that is able to simulate implantation, diffusion, oxidation, etching,
deposition, lithography, and epitaxy. The output is a two dimensional cross section of the
simulated device. This output also contains information about the strains in layers, boundaries of
different materials, and impurity distribution [119]. Medici by Synopsis is a device simulator
capable of modeling the transient and steady state behavior of electrical, thermal, and optical
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characteristics of semiconductor devices [120]. Fig. 24 is a diagram explaining the
implementation of these tools. The output of the tools are a simulated measurement of the
device.

Physical
definitions:
-Size
-Materials
-Properties

Processes:
-Depositions
-Implantations
-diffusions
-metallization
-etches

TSuprem4

2D cross
section of
device

Output file for
Medici

Model
assumptions

Doping profiles

-Surface
recombination
-Light input

Medici

2D maps of
photogeneration,
recombination and other
variables

I-V curves

Input

Output

Software

Fig. 24. Diagram representing the information flow through the software

The code programmed in Medici, simultaneously solves three coupled nonlinear partial
differential equations at every position in the device: Poisson’s equation, the continuity equation
for holes, and the continuity equation for electrons. These equations are discretized on a mesh
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and solved with boundary conditions for each point in the mesh. Since these equations are
coupled and non-linear, a numerical method needs to be used. A complete description of the
procedure and equations used in the numerical solution of discrete element electronic devices
can be found in [121, 122, and 123]. The three equations were transcribed from [121] and
adapted to consider two dimensions (x, y).

d 
dΨ 
 ε ( x, y )
 = q p( x, y ) − n( x, y ) + N D+ ( x, y ) − N A− ( x, y ) − ρ s
dxy 
dxy 

Eq. (24)

1  dJ n 

 = Gop ( x, y ) + R( x, y )
q  dxy 

Eq. (25)

[

]

1  dJ p 
 = Gop ( x, y ) + R(x, y )

q  dxy 

Eq. (26)

Where:
Ψ is the electrostatic potential

Q is the magnitude of the charge of an electron.
n is the concentration of free electrons
p is the concentration of free holes
N A− Ionized impurity concentration (acceptor like doping)
N D+ Ionized impurity concentration (donor like doping)

ρs is the surface charge density that may be present due to fixed charge in insulating materials or

charged interface states
Jn the electron current density
Jp the hole current density
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R Net recombination rate which is a function of Ψ, n, and p
Gop the optical generation rate which is a function of Ψ, n, and p

By solving the equations, a solution for each evaluated point (maximum 60,000 nodes) is
obtained. By using these solutions with other elemental equations, the software provides two
dimensional maps of generation and recombination, as well as device characteristics (I-V
curves). In the following sections, the results from varying different parameters of the device are
presented.

3.4

SIMULATION RESULTS

In the simulations, different parameters were varied to see the effect in the performance.
The researched parameters were: resistance, wafer lifetime, contact separation, implant
characteristics (size, dosage, energy, ratio between the species), contact size, substrate thickness,
surface recombination, and light concentration. The performance of the cell was measured with
efficiency, open circuit voltage, and short circuit current.

In order to simulate the cell, some assumptions needed to be given to the software. The
characteristics of the simulated material were: a silicon, (111) oriented, p-type wafer, with
background doping of 7×1014 cm-3, and a lifetime of 50 µs unless stated otherwise. These
variables correspond to the characteristics of wafers available at Sandia Laboratories. To
simulate the p-n junctions, similar conditions as those used in the fabrication of the device were
used (specified for each case). To obtain I-V curves of the cell under illumination, a dataset
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representing the standard air mass (AM) 1.5 solar spectrum truncated to wavelengths between
0.3 and 1.3 µm and divided into 30 points was used. Wavelengths below 0.3 have a low intensity
in the solar spectrum and wavelengths above 1.3 are very poorly absorbed by silicon. The poor
absorption at higher wavelengths is due to the improbable event of exciting an electron from the
valence band into the conduction band when the photon energy is below the bandgap energy.

Currents were normalized to current density J (mA/cm2) to create J-V curves. Parameters
including open circuit voltage (Voc) (voltage at zero current), short circuit current (current at zero
voltage) and efficiency (defined as the ratio between output power of the cell and input solar
power) were obtained. When light concentration was used to simulate illumination, the number
of suns represents the factor that multiplies the spectral irradiance of the AM 1.5 solar spectrum
dataset.

All the implants were simulated to be at an angle of 7° to avoid tunneling through the
crystal planes and were followed by a 30 min anneal at 900 °C in nitrogen. The models used in
the simulation assume: 1) a concentration dependent mobility at 300 K using software default
tables at low fields for electrons and holes [123]; 2) a Shockley-Read-Hall recombination model,
with concentration dependent lifetimes; 3) and a bandgap narrowing due to heavy doping model
(Slotboom’s band-gap narrowing) with values of: concentration parameter = 1.3×1017 cm-3,
voltage parameter = 5.21 mV, and constant parameter = 0.5 eV. Auger recombination was
modeled with the default software values of the Auger coefficients: 2.8×10-31 cm6/s for
electrons and 9.9×10-32 cm6/s for holes.
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3.4.1

Influence of wafer resistance

Simulations of back-contacted solar cells with a constant material lifetime showed no
change in performance if the resistance varied. This was true for both for small (2 µm) and large
(200 µm) separation between contacts. The wafers used for the first cells fabricated at Sandia
had a resistance of 20-30 Ω-cm.

3.4.2

Influence of wafer lifetime

Wafer lifetime (characteristic of the quality of the wafer) or the average photogenerated
carrier lifetime is "defined as the average time it takes for a minority carrier to recombine" [124]
and plays an important role in the behavior of solar cells. In this section, simulations were run to
observe the influence of wafer lifetime on cell performance. Device widths of 4 µm and 400 µm
with a thickness of 20 µm were used for the simulation. The implant widths were 0.5 µm and the
contact sizes were .25 µm, separated 2 µm for the first device and 200 µm for the second device.
Implantations of boron (energy = 45 keV) and phosphorus (energy = 120 keV) were created with
a dose of 1×1015 cm-2, tilt of 7°, and range of 0.15 µm for both dopants. A patterned 2.2 µm thick
photoresist was used to selectively mask the implantations. A drive-in step was performed for 30
minutes at 900° C in a nitrogen (N2) atmosphere. Carrier lifetimes of 5 ms, 0.5 ms, 50 µs, 5 µs,
and 0.5 µs were plotted. The lifetime of the wafers of the initial solar cells fabricated by Sandia
was not determined. A collection of wafers with the same lifetimes but different thicknesses was
needed to decouple the bulk lifetime from the effects of surface recombination.
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Fig. 25. Influence of carrier lifetime in two different cells: Left 2 µm separation between
contacts, right 200 µm separation between contacts

Fig. 25 shows the efficiency in percentage, current density in mA/cm2, and open circuit
voltage (Voc) in volts vs. the carrier lifetime for two different cases: a device with contact
separation of 2 µm (left) and another with a contact separation of 200 µm (right). The graphs
illustrate that higher carrier lifetimes are preferred over lower ones. Interestingly, for higher
lifetimes, a bigger separation was preferred but for low quality wafers (lifetime <50 µs), a
smaller separation between collection electrodes achieved higher efficiencies. Therefore, low
quality wafers (inexpensive substrates) can be used to create highly efficient cells if the contacts
are very close together.
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3.4.3

Influence of contact separation

Fig. 25 showed that there was interdependence between lifetime and the separation
between contacts. In the simulations, the influence of contact distance was investigated for two
qualities of material (two lifetimes). Device widths of 6, 20, 60, 200, and 600 µm with electrode
separations of 3, 10, 30, 100, and 300 µm respectively were simulated using a 20 µm thick
device. The implant types, doses, energies, device width, and contact sizes were the same as
those used for Fig. 25. In comparison, the average distance between contacts on the cells first
designed by Sandia was between 60 - 80 µm.
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In Fig. 26, two tendencies can be observed. Efficiency decreased as the distance between
electrodes increased for low lifetime materials (this showed the efficacy of using close contacts).
However, high quality materials expressed the opposite occurrence: the efficiency increased as
the distance between electrodes increased. This is explained as follows: for low quality materials,
contacts must be close together so carriers do not recombine in their way to collection points. If
the contacts are close together, more carriers can be collected and higher currents can be
achieved. For high quality materials, the carriers will have a long time to find the collection areas
before they recombine. As the distance between the electrodes was increased, the percentage of
area with implantations and contacts was decreased. Since these areas represent high
recombination sites, higher Voc's and efficiencies are obtained as the distance between contacts
was increased when using high quality wafers.

3.4.4

Influence of implantation size

Fig. 26 portrays higher voltages when using a larger distance between electrodes due to a
reduced implantation area. In the following simulations, the influence of implantation area
(presented as percent of back coverage) was investigated for two surface passivation qualities.
Surface recombination velocity (SRV) expresses the quality of the surface passivation (slower
velocities indicate enhanced passivation). For this simulation, a device 400 µm wide with a
contact separation of 200 µm was used on a 20 µm thick layer. SRV numbers of 0 cm/s and 2000
cm/s were used for a high quality material with a lifetime of 5 ms. The implant types, doses,
energies and contact sizes were the same as the ones used for Fig. 25. For the first designs used
at Sandia, the percentage of back area covered with implantation was 43% for the 250 µm cell,
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25.4% for the 500 µm cell, and 17.1% for the 1 mm cell. For the simulations, the percentage of
the back area covered with implantations varied. The percentage covered values were 98%, 30%,
10%, 5%, 2%, 1%, 0.5% and 0.25% for the cell with zero surface recombination and values of
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Fig. 27. Influence of percentage of area covered by implants for two cases: Zero surface
recombination (left), surface recombination equal to 2000 cm/s (right)

Fig. 27 depicted two important results: When excellent surface passivation (SRV=0) was
present, the current density was independent of the percentage of area covered with implants.
However, when using a poorly passivated cell, current density was increased as the percentage of
area covered with implants was augmented. The higher coverage of implantations produces
passivation by fields on the back of the cell. Thus, Voc and efficiency are peaked at the maximum
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coverage of 98% coverage when using poorly passivated substrates. On the other hand, Voc, and
efficiency for high quality surface passivation have a small dependence on the amount of back
area with implants. In this case, efficiency was maximized when using 1% back coverage.

3.4.5

Influence on contact size

A point contact solar cell was the cell type proposed in this research. A point contact
solar cell has metal that only touches the semiconductor at small areas. In this simulation the
influence of contact area (%) on efficiency, current density, and open circuit voltage was
investigated. For this simulation, a device 400 µm wide with a contact separation of 200 µm was
used on a 20 µm thick device. SRV numbers were set to 0 cm/s. The implant types, doses and
energies were the same those used for Fig. 25. The implantation area was kept to 98% and was
split in half between the two dopants. The percentage of the contacted back area varied. Percent
values included 98%, 10%, 1% and 0.13%. In comparison, for the first radial designs used at
Sandia, the percentage of back contacted area was 0.31% for the 250 µm cell, 0.19% for the 500
µm cell, and 0.15% for the 1 mm cell.

Although the collected current remains consistent with all the percentages, Fig. 28 reveals
that the open circuit voltage was influenced by the percentage of area being contacted. Voc and
efficiency are maximized when using smaller contacts. Furthermore, in a real case, there is an
enhanced maximization effect in current due to enhanced back reflection. Metal-insulator
interfaces are more reflective than metal-semiconductor interfaces while the model considered a
perfect reflector for both cases.
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3.4.6

Influence on ratio of the two implantations

Section 3.4.4 described how the size of the implanted back area has an influence on the
performance of the solar cell. In the following simulations, the effect of the ratio of dopants in
the implantation on the cell performance is shown. The ratio between the two dopants was
altered while keeping the percentage coverage fixed to 48%. In this case, a 400 µm wide unit cell
with a contact separation of 200 µm and thickness of 20 µm was used. The implant types, doses,
and energies were the same as those used for Fig. 25. The ratios between p/n dopants were varied
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and took values of 95, 20.33, 4.18, 1, 0.24, 0.49 and 0.01. In comparison, the first designs built
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Fig. 29. Influence of the ratio of back contact coverage between p and n-dopants for two
different surface recombination velocities.

There was an opposite effect on the efficiency when SRV=0 compared to when
SRV=2000. When the SRV equals zero, the efficiency was increased due to an increased base
size (p+ doped on a p substrate). However, when SRV=2000, the effect was the opposite: the
efficiency was increased when a larger emitter was used (n+ doping in a p substrate).
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3.4.7

Influence of the dose and depth of the implantation

Solar cell performance also depends on the junction design. For the simulations, the
junction design was optimized by changing the dose of energy of the implanted dopant. A 4 µm
wide device with a contact separation of 2 µm and a thickness of 20 µm was used. The
implantation width was 0.5 µm and the contact size was 0.25 µm. Two cases were analyzed: one
with fixed energy and variable dose and another with fixed dose and variable energy. For the
first case, the energy was fixed at 45keV and the dose was changed from 1012/cm2 to 1016/cm2 in
variations of one order of magnitude. For the second case, the dose was fixed at 1016/cm2 and the
energy had values of 10, 30, 70, 95, and 120 keV. In comparison, the first designs completed at
Sandia, had implantations of boron (energy = 45 keV) and phosphorus (energy = 120 keV) were
created with a dose of 1×1015 cm-2, tilt of 7°, and range of 0.15 µm for both dopants.

Fig. 30 reveals that current, voltage, and efficiency were increased as the dose increased
(left graph). The second simulation (right graph) demonstrated that the voltage and the efficiency
dropped when the energy of the implant was increased.

In the first simulation, as the implantation dose was increased, an increased bending of
the bandgap diagram towards the contacts was created. The bending of the conduction and
valence band acts as a barrier for one type of carrier while becoming an easy path for the other
type of carrier. Therefore, bent bands reduce recombination in the doped regions by blocking one
type of carrier. Through this process, the voltage and efficiency are increased. Also, a strong
bending close to the metallization, improves the ohmic contact.
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For the second simulation, as the energy of the implantation was increased, the peak of
the doping was farther away from the interface which caused a less effective ohmic contact.
Higher energies also increased the volume of the highly doped silicon which was a high
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Fig. 30. Influence of implantation dose (left) and energy (right) in the solar cell

3.4.8

Influence of substrate thickness

It is known that silicon is an indirect semiconductor. Thus, the absorbance is significantly
smaller than for direct semiconductors. Through the next simulations, the influence of substrate
thickness on the solar cell performance is studied for two wafer qualities (two lifetimes). For
these simulations, a 42 µm wide device with a contact separation of 21 µm was used. The
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implantation width is 8 µm and the contact size is 3 µm. The implant energies were: 45 keV for
boron and 120 keV for phosphorus with a dose of 1×1015 cm-2 for the dopants. The thickness of
the substrate was varied with values 1, 3, 10, 30, 100, 300, and 1000 µm. In comparison, the first
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Fig. 31. Influence of substrate thickness for high (left) and low (right) quality substrate

Fig. 31 displays the influence of the substrate thickness for two cases: one using a high
quality substrate with a lifetime of 5000 µs and another using a low quality substrate with a
lifetime of 10 µs. As the thickness of the high lifetime substrate increased, the voltage and
current increased with a behavior of diminished returns. For >300 µm thick substrates, the
efficiency was reduced as the thickness was increased. For the low quality substrate the
efficiency increased as the thickness increased, peaked around 30 µm and decreased for
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thicknesses of 100 µm and greater. Therefore, low quality substrates can be utilized to make high
efficient cells if the substrates are thin. It was shown in the graph that there is a tradeoff between
absorption and bulk recombination (lifetime or diffusion length). It has been suggested in the
literature that a ratio of 2.3 between the carrier diffusion length and the wafer thickness should
be used for optimum electronic confinement [125].

The behaviors were caused by the increased bulk recombination as the substrate was
thickened because generated carriers travel through the thickness of the wafer to find the
contacts. The effect is more obvious for shorter carrier lifetimes than for longer carrier lifetimes.

The amount of material needed to obtain a certain amount of power is often represented
as grams per watt-peak. Fig. 32 plots the grams per watt-peak as a function of the substrate
thickness. The amount of material needed per watt-peak decreased drastically as the cells were
made thinner. For solar cells, the efficiency does not diminish linearly with the thickness
whereas the amount of material does diminish linearly. Material costs are a major portion of total
module cost. Therefore, reducing material use, while keeping efficiencies high, is a key to
achieving grid parity. Producing ultrathin cells is a means to reducing the amount of material
used. Fig. 32 shows that numbers of 0.3 gr/watt can be achieved with ultrathin wafers.
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Fig. 32. Reduction of gr/watt as the thickness of the cell decreases

3.4.9

Influence of light concentration on cells

Light concentration on solar cells has proven to be beneficial. In fact, the record for solar
cell conversion efficiency in silicon was set by using concentrated light. In these simulations,
two different widths of cells were used: 20 µm and 200 µm with respective contact separations
of 10 µm and 100 µm on a 20 µm thick substrate. An implantation width of 1 µm with a contact
size of 0.5 µm was used. The implant energies were: 45 keV for boron and 120 keV for
phosphorus with a dose of 1×1015 cm-2 for both dopants. The optical concentration was varied (#
of suns) in values of 0.1, 1, 10, 100, and 200. The first cells built by Sandia were, in comparison,
tested under a microscope light with intensity below 1 sun.
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Fig. 33. Influence of optical concentration for two different separation distances between
the electrodes.

Fig. 33 illustrates how the number of suns applied to the solar cell has a beneficial effect
on the performance of the cell. As the sun intensity increased, the efficiency increased as well.
For the case of small separation, the efficiency did not reach a peak at 200 suns in comparison to
the peaked efficiency at 100 suns for the model with more separated contacts.
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3.4.10

Influence of surface recombination velocity

Other work in simulations for solar cells concluded that “The key parameters to achieve
high efficiency with a realistic structure are a high crystalline substrate quality and very low
surface recombination velocity especially at the front surface" [126].

Surface passivation has a strong effect on cell performance in micrometer sized cells due
to the proximity of surfaces to active regions of the device. Un-passivated atoms at surfaces have
incomplete bonds (dangling bonds) that act as carrier traps and degrade device performance.
Surface recombination velocity (SRV) measures the quality of the surface passivation in which
slower velocities indicate improved passivation. In addition, given the back-contact nature of the
cells, carriers generated near the surface must diffuse (without the help of electric fields) through
the thickness of the semiconductor. Consequently, device thickness is another important
parameter that affects carrier collection.

In the following simulations, the solar cell performance versus SRV for three cases was
tracked. The first case had a fixed back SRV equal to zero while the front SRV varied. The
second case expressed the opposite: it had a fixed front SRV equal to zero and a back SRV that
varied. The third case had an SRV that varied in front and back surfaces. In all cases, a 42 µm
wide and 20 µm thick substrate with a contact separation of 21 µm was used. The implantation
width was 8 µm and the contact size was 3 µm. The implant energies were: 45 keV for boron and
120 keV for phosphorus with a dose of 1×1015 cm-2 for both dopants. The surface recombination
was varied from 10 to 106 cm/s incrementing one order of magnitude between each point in the
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graph. The surface recombination of the first cells built by Sandia had a SRV in the range of 106
cm/s since the front surface was bare silicon.
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Fig. 34. Influence of surface recombination velocity on solar cell performance in back
(left) and front (right) surfaces
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As predicted, surface recombination has a crucial role in the performance of the cell.
Surface recombination at the front degrades the performance faster than having the same amount
of surface recombination at the back. When top and bottom surface recombination is present, the
same design of contacts, implantations, and geometrical values can yield efficiencies from less
than 1% for high SRV's to 20% for low SRV's. These results provided the rationale for
conducting a detailed study to obtain minimum surface recombination by applying different
passivation schemes as explained in the following chapters.
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3.4.11

Summarized results and simulation of first design

Through completing the simulations, the main causes for low efficiency were identified.
These were: low wafer lifetime, small contact separation, big implant size, low implant dosage,
high implant energy, higher base/emitter ratio, big contact size, small substrate thickness, high
surface recombination, and low light concentration. Surface passivation quality and carrier
lifetime were among the most important parameters for obtaining higher performing cells. Other
parameters had a smaller impact on performance.

The first designs created at Sandia were not optimized and lacked front and side
passivation which led to a low performance. Fig. 36 compares a J-V curve of the first measured
Sandia solar cell to the simulation of the same design with high surface recombination velocity
(poor passivation). It can be observed that the simulation and the actual cell had qualitatively
poor performances due to an un-optimized design which was mainly caused by an un-passivated
front surface. Excessive recombination on the front (where most of the carriers are generated)
created an "odd shape" for the J-V curve with very low currents and low voltages. This
comparison also provides confidence that the simulation results are accurate.
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Fig. 36. J-V curves of the first solar cell measured and Sandia compared to the simulation
of the same design with high recombination

3.4.12

Simulation of a "champion" MEPV

In contrast with the initial Sandia cells, a design that included the optimum characteristics
of all parameters was simulated (Fig. 36). Although most of the parameters in the solar cell are
interrelated, it is possible to use intuition gained from the results presented in this section to
create a "champion" solar cell. To attempt this goal, a series of parameters were set in the
simulations: high carrier lifetime, high optical concentration, high dosage and low energy for the
implantations, small contact size, a separation around 100-200µm, 3% coverage of implants, and
a 100% metal coverage in the back to allow double light pass through the silicon. Fig. 37
displays the results from the champion cell for concentrated (100 suns) and non concentrated
scenarios (1 sun). For the two scenarios, 3 cases were plot: 1) the first case (blue line) had ideal
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parameters (5ms lifetime and 0cm/s SRV), 2) the second case (red line) had parameters
achievable by industry (1ms lifetime and 50cm/s SRV), 3) and the last case (green line) had high
quality material (1ms lifetime) but the SRV was set at a value easier to obtain (100 cm/s).

From Fig. 37 it is visible that higher lifetimes and lower SRV’s are needed to achieve a
high efficiency solar cell. Interestingly, the effects of surface recombination and lower lifetime
on the voltage were not as critical under concentration. However the effects on the current were
visible. In contrast, the effects of low lifetimes and high SRV’s on Voc were high under one sun,
but the current remained relatively consistent as these parameters changed by small amounts.

JV curves for optimized simulated
20um thick cells under 1 sun

JV curves for optimized simulated
20um thick cells under 100 suns
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Fig. 37. J-V graphs of a “champion” simulated cell. Using only 20 µm of material cells
with efficiencies up to 25.7% can be achieved.
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4
4.1

Cell designs

OVERVIEW OF DESIGNS

The designs were intended to make the cells substantially smaller and thinner than
conventional technologies to save material and reduce cost. The smallest cells were 250 µm and
the largest were 1cm in diameter. Besides saving material, creating thin and small cells allowed
for the use of self-assembly methods to create arrays of these miniature solar cells. Self assembly
relies on minimizing the energy (electrical, gravitational, chemical, etc) to attract particles (in
this case, solar cells) to certain positions on a substrate. If this is achieved, then inexpensive
"roll-to-roll" manufacturing techniques used in thin film photovoltaics could be used to produce
thin modules with crystalline silicon. Furthermore, if mild concentration (to avoid tracking) is
used, the costs could be reduced even more [10].

Three designs were investigated: a radial contact design (previously developed by
Sandia), a side contact design, and the next generation cells. The threefold geometry of the radial
design allows the cell to be contacted in only two parts without being concerned with the rotation
orientation with respect to the contacts. The side contact design allows smaller doped areas and
closer packed contacts (fingers) and allows for easier contacting. The next generation uses a
suspended approach that permits deposition of passivation and AR films in the front of the cell
while still having wafer attachment through anchors.

The designs for the radial cells came in nominal sizes of 250 µm, 500 µm, 1 mm, 5 mm,
and 1cm, as measured from corner to corner of the hexagon. For the side contact design, only
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250 and 500 µm cells were created. For the next generation cell designs, sizes of 250 µm, 375
µm, 500 µm, 750 µm, and 1 mm were tried.

4.1.1

Cell hexagonal geometry

One common element in the designs is the geometry: the hexagonal shape of the solar
cell permitted a close packed design in the wafer. The small size saves wafer real state by using
more effectively the area (packing more cells in less area), including the wafer edges. Also, a
hexagonal shape approximates a circle and if using concentration, light can be focused more
efficiently onto a hexagon compared to a square area.

4.1.2

Cell thickness

The cells are designed to be very thin (10-20 µm). About half of the usable light can be
absorbed in 3 µm and almost ¾ in 20 µm [127]. Fig. 38 [18] shows the normalized efficiency as
a function of solar cell thickness. The normalized efficiency is defined as the ratio between
maximum efficiency attainable with a certain thickness and the potential efficiency with a thick
substrate of 1 mm. The typical thickness of commercial cells is about 200 µm. Fig. 38 shows that
a thickness of 20 µm saves 10 times the amount of material and lowers the efficiency by only
one tenth. This is a good tradeoff, because reducing the thickness further, will substantially lower
the efficiency.
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4.1.3

Five-level photolithographic process

A fabrication process consisting of five photolithographic steps was used to create the
radial and linear contact cells. The next generation designs are explained later. The masks were
designed using AutoCAD 2008, and each mask level had a specific function. A total of 5
photolithographic masks were used to create each design. The first mask defined small circular
p-implantation areas. The second defined the n-implantation areas. The third defined the point
contacts from the metal to the implanted areas through the passivation layer. The fourth mask
defined the radial or linear interdigitated metal contact pattern. The fifth mask defined the lateral
size and the hexagonal morphology of the cell.
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4.2

RADIAL DESIGN DETAILS

The radial design for a 250 µm in diameter cell (previously developed at Sandia) is
depicted in Fig. 39. The n-implantation is in the center and the p implantation is on the outer rim.
Fingers of n-implanted dopants go from the center contact towards the edge without touching the
edge and p-implanted fingers go from the edge towards the center without touching the center.
The purpose of these fingers is to reduce the space between the p and n-areas and thus enhance
carrier collection. The metal layer contact follows the same shape as the implantations below but
only contacts the semiconductor in very small areas (point contacts) through a nitride layer.
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Front view

Side view/ description

p
n
First and second mask create
the p and n-regions depicted
as orange and blue

Third mask creates point contacts
from the metal to the silicon
through the nitride (green). Fourth
mask defines where the metal
(dark gray) stays.

Fifth mask creates a trench to
separate the cells and access
the release layer (purple).

Fig. 39.

Cell design (250 µm) for the radial contacts.

Fig. 40 shows the AutoCAD drawing for these designs. As the size increases, the finger
configuration complexity is also increased. For all the designs, a distance between fingers of 60
to 80 µm was targeted.

73

250 µm

500 µm

1mm

5mm

10mm

Fig. 40. Actual masks designs of miniature solar cells of various lateral sizes

4.3

LINEAR DESIGN DETAILS

The linear contact design consists of a set of alternating p and n-implanted, doped regions
contacted through an interdigitated metal structure. Fig. 41 shows a sketch of the thin, backcontacted, silicon solar cell with details of the back (contacting) side as well as cross sectional
views. Cross section 1-1' shows alternating p and n-doped regions. Cross section 2-2' shows the
elongated n-doped region while cross section 3-3' shows the elongated p-region. More details on
the fabrication are shown later.
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The elongated n-regions are buried below a nitride layer under the p-metal layer, and the
elongated p-regions are buried below a nitride layer under the n-metal. The elongated implanted
sections are only contacted at the edge of the finger to avoid electrical shorts on the opposite
polarity metallization. The purpose of these regions is to improve carrier collection under the
metal contacts. Note that the design of the cell includes an integrated nitride passivation layer on
all sides except the front of the cell. The top and side nitride protects the cell during release etch.
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Fig. 41. Cell design for the alternated interdigitated fingers

Fig. 42 shows the design of the cell in AutoCAD. These designs are used to create
photolithographic masks. Each color represents a different mask for etch or diffusion. For
example, the green pads represent a patterned tungsten film, the cyan circles are p-boron
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implantations, and magenta circles are n-phosphorus implantations. The cyan external contour is
the deep etch explained in Figure 5. The red exterior contour is a passivation/etch stop layer
made of nitride. All the small circles inside the medium circles are etches in the nitride so the
metal can access the diffusion.

Distance
between
implants

Implantation
diameter

Finger
width

Contact
diameter

Fig. 42. Left: AutoCAD design of a 250 µm wide solar cell (back side contacted) with
interdigitated fingers. Right: detail of the implantations and fingers.

Another design with tighter fingers and a size of 250 µm along with two other designs of
500 µm were created for this mask. One of the 500 µm designs had a tighter spacing between
fingers while the other design had relaxed spacing. Fig. 43 shows the four designs created with
linear contacts. The differences between them are: spacing between the implantations, size of the
implantation, size of the contact, and width of fingers. Table 2 shows the parameters of these
cells.
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250µm tight

250µm relaxed

500 µm tight

500 µm relaxed

Fig. 43. Linear contact designs with interdigitated fingers

Table 2. Models and distributions of sizes.
Size of cell and
design
250 µm tight
250 µm relaxed
500 µm tight
500 µm relaxed

4.4

Distance between
implantations (µm)
13
21
12.2
15.3

Width of finger
(µm)
8.9
13.9
8.6
11.5

Diameter of
implantation (µm)
6
8
4
8

Diameter of
contact (µm)
3
3
2
3

NEXT GENERATION CELL DESIGN DETAILS

The next generation cell design was created due to the need to apply a thin film on the
front of the cell (side without contacts) after the cells were released. The idea of this design was
to have the cell anchored to the substrate through very small tethers. The tethers leave an empty
space between the front of the cell and the substrate so a thin layer of nitride or oxide (CVD)
could be grown on the surfaces when the cell was still attached to the substrate. Fig. 44 shows
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the representation of the proposed cell attached to the substrate through the tethers (anchors). So
far, only the structure without junctions has been fabricated.

Cross section A- A’

Anchors

Solar cell
Substrate

A

A’

Passivation A/R
Metal

Fig. 44. Representation of the next generation cell structure

In order to create these structural designs, some calculations were involved. There were
four main concerns: 1) the anchors need to be strong enough to survive the effect of capillary
forces, 2) the cells needed to be small enough to avoid high deflections and getting stuck to the
substrate by capillary forces 3) the cells should survive spinning up to 5000 rpm 4) the anchors
needed to be weak enough to break with the pulling force of the tape.

First, the force by capillary forces was calculated. Then, the stress in the tethers caused
by capillary forces was calculated to see if it did not exceed the maximum stress allowed for
fracture in silicon. Using the capillary force again, the deflection on the cell was calculated: if the
deflection was larger than the gap between the cell and the substrate, the cell would stick to the
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substrate. Next, the force caused by spinning the wafer in the tethers was calculated to see if the
wafer could be spun at high speeds (around 5000 rpm) without detaching the cells. Finally, the
pulling force applied by the tape was calculated and checked to see if it would be large enough to
break off the cells from the anchors.

To calculate the force between the cell and the substrate due to capillary forces, the
equation for two parallel plates made of the same material with liquid in between was used
[128]. Water @ 25 °C was assumed to be the liquid in between the substrate and the cell. Fig. 45
show the parameters in the calculation of capillary forces.

Solar cell
Liquid
between
plates
Silicon
substrate

Fig. 45. Parameters in the calculation of capillary forces

F=

2πγ 2
r cos θ
z

Eq. (27)

Where:
F is the force experienced between the two parallel plates in N
γ is the surface tension of a liquid in N/m 0.07197 for water
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z is the separation between the two plates in m
r is the radius of the droplet (in this case radius of the cell) in m
θ is the contact angle (0° was assumed for the worse case) in m

The formula used to calculate the stress in the anchors due to capillary forces was:

σ=

F
wt*# anchors

Eq. (28)

Where :
σ is the stress in the anchors (Pa)

F is the total force experienced by the cell due to capillary forces in N
w is the width of the anchor in m
t is the thickness of the cell or height of the anchor in m
#anchors is the number of anchors that attach from the frame to the cell

If the stress was greater than that for yielding in silicon (7GPa), the anchor was assumed
to fail. From these calculations, none of the cell designs with 3 or more anchors (1 µm wide), up
1 mm in diameter, with a separation greater than 0.2 µm between the cell and substrate, was
designed to break under capillary forces.

Assuming that the cells are fixed at two ends (by anchors) with a distributed force acting
on the cell (capillary force), the formula for a beam with fixed ends with a distributed load can
be used to calculate the deflection [129]. For the calculations, it was assumed that if the
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deflection (δ) was greater than the separation between the cell and the substrate, the design will
fail by making the cell stick to the substrate.

δ=

Fr 3
(48)EI

Eq. (29)

Where:
δ is the deflection of the beam in meters

F is the total load in Newtons distributed over the length of the cell
r is the radius of the cell
E is the modulus of elasticity. In this case for silicon 190 GPa
I is the moment of inertia of the cell I =

2 × radius _ cell × thickness _ cell 3
12

Fig. 46 shows the deflection caused by capillary forces vs. the separation between the cell
and the substrate (buried oxide thickness). The sizes and separations located below the blue
continuous line (limit line for sticking of the cells) are the designs that do not break the anchors
and where the deflection is less than the buried oxide thickness (which avoids sticking of the
cells).
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deflection caused by capillary force in (um)

Designs on this side of the limit
line will have broken anchors

Designs between the two limit
lines won't have broken anchors
but cells will stick to substrate

10

1

Designs on this side of the
limit line are desirable

0.1

0.01
0

0.5

1

1.5

2

2.5

3

Buried oxide thickness (separation between cell and substrate) in um

Cell diam.= 250um

Cell diam.= 375um

Cell diam.= 500um

Cell diam.= 750um

Cell diam.=1000um

limit line for sticking of the cells

limit line for breaking of anchors

Fig. 46. Design limitations in deflection and stress for next generation cells with three
anchors for different sizes.

Then, the stress in the anchors due to centrifugal force when the wafer is spinning was
calculated. The spinning steps are completed by applying photoresist or cleaning steps.

σC =

mrω 2
wt # anchors

Eq. (30)

Where:
σc is the stress due to centrifugal force in Pa
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m is the mass of the cell in kg
r is the radius of the wafer in m
ω is the angular velocity at which the wafer is spinning in rad/s

w is the width of the anchor in m
t is the thickness of the cell or height of the anchor in m
#anchors is the number of anchors that attach from the frame to the cell

In this case, the analysis revealed that for at least three anchors of 1 µm wide for cells up
to 1 mm in diameter, the speed needed to break the cells of the anchors by spinning is more than
200,000 rpm. This is significantly above the normal spinning speeds for silicon processing
(2,000 - 4,000 rpm).

Another restriction included the following: the anchors should be fragile enough to be
broken when a piece of tape, with known adhesive force, was attached to the cell. The conditions
were calculated with a tape that had an adhesion force of 44 N/100 mm. Then the pulling force
per cell was transferred to the anchors to observe whether the stress caused in them was enough
to break them. The results obtained were that very small cells (less than 300 µm) would not
detach from the anchors.

Observing the limitations in cell sizes, buried oxide thicknesses, stresses caused by
deflections, and spinning tape release, an assortment of designs were created. Various sizes of
cells ranging from 250 µm to 1 mm were created. Also, for each size designed, the number,
position and shape of the anchors was varied.
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rs used to create the masks for the next generation cell using an
A depiction of the layers
SOI wafer is shown in Fig. 47.. Layer one defines a trench which when filled with polysilicon
becomes the anchors and their frame. Layer
ayer two defines an etch that leaves the cell free from the
rest of the frame except where connected with the anchors. It also creates release holes to speed
up the release process. Two designs of the anchors are shown: a simple anchor that comes from
the center side of the hexagon toward the cell (top of figure) and another one that is "spring like"
(bottom of figure). The section of the simple anchor is smaller where it contacts the cell so it
preferably breaks at that point. The spring model attaches to the frame through a "spring like"
structure and could be broken easier than the simple anchor since it is less rigid.

Layer 1

3 middle
anchors

Layer 2

6 spring anchors

Fig. 47. AutoCAD designs for the next generation cell using an SOI wafer
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A depiction of the layers used to create the masks for next generation cells using KOH
chemistry is shown in Fig. 47. Layer one defines an etch the size of the cell. When filled with
nitride, it creates a protective wall against the KOH etchant around the cell. Layer two defines
another trench (this layer is shared for the SOI and KOH approaches). When the second trench is
filled with nitride, it creates the anchors and its frame. Layer three defines an etch that leaves the
cell free from the rest of the frame except where connected through the anchors. The design
shown in Fig. 48 is a simple anchor that comes from the corner of the frame toward the corner of
the cell wall. The section of the anchor is smaller where it contacts the cell so it preferably
breaks at that point. Several models were designed by changing the size of the cell and the type
and number of anchors. Table 3 shows the matrix of all the designs created (marked with an x).

Layer 2
Layer 3
6 corner
anchors

Layer 1

Fig. 48. AutoCAD designs for the next generation cell using a (111) oriented wafer and a
KOH release chemistry
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Table 3. Matrix of designs created for the next generation cells
Lateral size
(µm)
250
375
500
750
1000

4.5

3 middle
anchors
x
x
x

6 middle
anchors
x
x
x
x

6 corner
anchors
x
x
x

6 spring
anchors
x
x

12 middle
anchors
x
x
x
x
x

18 middle
anchors
x
x
x
x
x

CONCEPTUAL DESIGNS FOR LOW AND HIGH QUALITY MATERIALS

Using the results from the simulations, a design that incorporates the best attributes from
the simulation result was conceptualized. This design should incorporate the next generation
approach (suspension by anchors) so all the sides (including the front of the cell) can be
passivated on the wafer before the transfer onto tape. Also, high implantation dose and low
energy should be implemented. Two designs were created: 1) one scenario had high passivation
quality (low SRV) and high lifetime (material quality) and 2) the second scenario had a lower
passivation quality (high SRV) and low material quality. Fig. 49 shows the two scenarios with
the differences in spacing of metallization, coverage of implantations, and ratios of
implantations.
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High SRV, low lifetime model

p

Low SRV, high lifetime model

n

n

p

The back is full of doped areas to create a
surface field and reduce SRV. The spacing
between the n and p-sides is small (around
10 µm). The n-emitter is also bigger than the
p-base (n/p area ratio >10)

The back has very little area covered with
implantation (spots). They are separated
100-200 µm to avoid bulk recombination.
The n-emitter is smaller than the p-base
(p/n area ratio >10)

The metal contacts only very small amount
of semiconductor (<.1% coverage)

The metal contacts only a very small amount
of semiconductor (<0.1% coverage)

The metal is a fine interdigitated
structure. Each metal finger is
thicker towards the end so the
resistance is lowered.

The metal is a coarse interdigitated
structure. Each metal finger is thicker
towards the end so the resistance is
lowered.

Fig. 49. Conceptual design for an optimized solar cell for two scenarios
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5

5.1

Front-end fabrication

INTRODUCTION TO SANDIA FABRICATION FACILITY

Sandia National Laboratories (SNL) is a research facility that since its establishment in
1949 "has developed science-based technologies that support our national security" [130]. One of
the key areas of interest at SNL is to ensure the stable supply of energy and resources. Moreover,
"Sandia is a world leader in the technology required for development, fabrication, and production
of microelectronic, photonic, micromachine and microsensor devices and products" [131].
Sandia possess a 30,000 sqft cleanroom area divided into two sections: a silicon fab and a
microsystems fab. The process described here creates the cells in the silicon fab and releases the
cells in the microsystems fab.

5.2

FABRICATION DETAILS

The radial, linear-contacts and new generation designs (without junctions) were
fabricated. The radial contacted cell was fabricated on a silicon on insulator (SOI) substrate and
the side-contacted cell was fabricated on a (111) silicon wafer. The new generation cells were
fabricated on both types of substrates without the junction. Each method had a mechanism for
detaching the first 10-20 µm of material from the top of the wafer to create the cells, leaving the
rest of the material for future reuse. The radial and side contacted cells were kept in vials with
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isopropyl alcohol (IPA). The new generation cells cells were transferred to tape as shown in Fig.
50.

Fig. 50. Different sizes of radial cells stored in IPA vials (left) and the next generation
cells transferred on tape (Right)

5.2.1

Fabrication of radial contact cells

The process begins by implanting alternating p and n-type dopants into regions as the
radial design shown in Fig. 39 (center and edge implantations). The implants were made on the
device layer of a 6 inch, SOI wafer, 20-30 Ω-cm, p-type, (100) oriented wafer to create the
junctions. The device layer was 20 µm thick and the BOX was 1 µm thick. Fig. 51 provides a
process flow diagram. Implantations of boron (energy = 45 keV) and phosphorus (energy = 120
keV) were made with a dose of 3×1015 cm-2, tilt of 7°, and range of 0.15 µm for both dopants. A
photolithography patterned 1.8 µm thick photoresist on top of 300 nm LPCVD nitride and 500
nm CVD oxide was used to selectively mask the implantations. A drive-in step was performed
for 30 minutes at 900° C in a N2 atmosphere. After the junction was completed, four etches
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followed. The first etch opened windows in a previously deposited LPCVD nitride for the
electrical point contacts, and the second etch defined the radially interdigitated metal pattern.
The third etch was a deep trench that defined the sides and depth of the cell, and the fourth etch
released the cell. Note that only the device layer (20 µm of material) of the original wafer is
consumed in the creation of the cells, leaving the handle wafer to create more SOI wafers. Fig.
51 shows the simplified process flow.

Implanted p and n-type dopants

6 inch, p type, (100) oriented SOI wafer
A) Implantation of dopants

B) Low pressure CVD nitride deposition

D) metal stack deposition

C) First etch creates point contacts

F) Second etch patterns metal

G) Third etch defines size of cell
HF

HF

H) Fourth etch consumes the oxide layer
and releases the cell

Fig. 51. Cross section illustrating the process flow for the creation and release of the cell
using a SOI wafer

The metallization is a stack of Ti silicide, aluminum/silicon, and Ti nitride (52 nm, 720
nm and 50 nm in thickness respectively). Ti silicide improved ohmic contacts and served as a
barrier to avoid spiking of aluminum though the silicon. Aluminum/silicon was the main
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conductor, and Ti nitride served as a protection from the wet HF etch (fourth etch). The third
etch was performed by deep reactive ion etch (DRIE) or “Bosch process” targeted at an etch
depth of 20 µm using sulfur hexafluoride (SF6) as the etchant and a 2.2 µm thick,
photolithography patterned photoresist as a mask. See the appendix for more on the Bosch etch.

After metallization and the creation of the 20 µm deep trench, the fourth and final release
etch was made. For this step, the wafer was submerged in a 49% hydrofluoric acid (HF) solution
with Tergitol™ (non-ionic surfactant used to wet silicon surfaces) for 30-90 minutes and
depended on the spacing of the release holes. The solution accessed the buried oxide through the
trenches and through the release holes. The release time was adjusted to see all the cells fall from
the handle wafer by gravity. Finally, the cells were filtered and rinsed with water until the pH
was neutral and then transferred to a vial with IPA.

This method used a buried oxide sacrificial layer removed later through an HF chemical
bath. The buried oxide (BOX) layer was either created with an oxygen implant followed by an
anneal or a layer transfer approach followed by epitaxial growth of silicon. In this case, the
wafers were bought from SOITEC.

5.2.1.1

Variations of the standard radial recipe

The recipe that was presented in the previous section, is the recipe that yielded the
fabrication with the best performance (latest recipe as of Oct 2010). However this radial design
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went through several iterations before functional cells were created. For example, Fig. 52 shows
magnified images of dummy cells that have no metal and no junctions.

Fig. 52. dummy 250 µm radial contacted solar cells without metal or junctions. left: 1 mm
cells attached to the wafer, middle: 1 mm released cell, right: SEM picture of a 250 µm
cell

Other attempted designs evaluated the feasibility of releasing dummy cells (with no
junction, pattern or metal) using hydroxide potassium (KOH) as an etchant and a (111) oriented
wafer (no SOI) enclosed in a nitride shell. The results were encouraging and are shown in Fig.
53. The KOH created a texture on the front of the cell (side etched) while the back of the cell
remained intact (protected with nitride). The side view reveals that almost half of the material
was removed during this process.

Front
Front

Back

Back

Side view
Fig. 53. 250 µm dummy cells without a pattern released using KOH
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Another design tried to include a nitride layer (300nm) between the device layer and the
release layer (SiO2). In this way, the cells could have a built-in passivation layer when they are
released. From these experiments, it was observed that the HF wet release etched away most of
the nitride. The areas more affected were the ones close to the edges of the cell and close to the
release holes. The non-uniform etch left a pattern on the front of the cell (revealed by the
different colors of the nitride) as seen in Fig. 54.

Side view of the starting stack

Back

Front

20 um device layer
300nm silicon nitride
500nm oxide

back
front

handle wafer

Fig. 54. Dummy 500 µm parts with nitride in the stack

Several iterations of stacks using AlCu/TiN for the metal layer were tried. However, the
metal was attacked by the wet HF etch, which either etched it away or caused it to lift off the
wafers after release. Fig. 55 shows the metallization defects.
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metal etched
away

Delamination

A)

B)

C)

Fig. 55. A) and B) Metallization problems. C) optical profilometry of a 1 mm cell

Other iterations tried to change the method to create the junction, using diffusions with
solid sources instead of implanted dopants. This option was proposed in order to observe the
feasibility of using inexpensive processes such as spin-on-dopants. Also, the energy and dose of
the implants was changed slightly, and a model with two step implantation was created. These
two latter variations did not seem to benefit the process.

Finally a cell that included the metallization and doping provided in the standard recipe
was fabricated. The results are shown in Fig. 56.

Fig. 56. 250 µm in diameter active cells with metallization and junctions in wafer (left)
and released (right)

94

5.2.2

Fabrication of linear contact cells

The process begins by implanting alternating p and n-type dopants into regions
approximately 8 µm in diameter on a 6 inch, 700 µm thick, 3-20 Ω, CZ semiconductor grade, ptype, (111) oriented wafer to create the junctions. Implantations of boron (energy = 45 keV) and
phosphorus (energy = 120 keV) were used with a dose of 1×1015 cm-2, tilt of 7°, and range of
0.15 µm for both dopants. A photolithography patterned 2.2 µm thick photoresist was used to
selectively mask the implantations. A drive-in step was performed for 30 minutes at 900° C in a
N2 atmosphere. The design, dimensions and separation of these implants can be seen in. Fig. 41
and Table 2.

After the junction was completed, five etches followed. Fig. 57 provides a process flow
diagram. The etches were as follows: 1) the first etch was a trench that defined the sides and
depth of the cell, 2) the second etch opened windows in a previously deposited nitride for the
electrical point contacts, 3) the third etch defined the metal contacts, 4) the fourth etch created a
trench deeper than the first one in order to have a non-(111) plane accessible to the anisotropic
release etch, and 5) the fifth etch released the cell. Note that only 25 µm of material of the
original wafer was consumed in the creation of the cells, leaving 675 µm of silicon for
subsequent releases.
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Implanted p and n-type dopants

6 inch, p-type, (111) oriented wafer
A) First etch defines the size of the cell

B) Low pressure CVD nitride deposition

C) Second etch creates point contacts

D) Tungsten CVD metal deposition

F) Third etch patterns metal
KOH

KOH

E) Fourth etch creates an etch front

KOH
Nitride
protection
against etch

Metal
contact
Implanted
doping

G) Fifth etch releases the cell
Etch front

Fig. 57. Cross section illustrating the process flow for the creation and release of the cell
using a (111) oriented wafer.

The first etch was performed by a deep reactive ion etch (DRIE) or “Bosch process”
targeted at an etch depth of 20 µm using SF6 as the etchant and a 2.2 µm thick, photolithography
patterned photoresist as a mask (see appendix for more information on Bosch etch). The nitride
layer deposited between the first and second etch was created by low-pressure chemical vapor
deposition (LPCVD). This layer was conformal and had a thickness of 1 µm; the objective of this
film was to form the wall that protected the cell from the wet chemistry during the fifth release
wet etch. The second etch was performed by reactive ion etch through a 1.8 µm thick patterned
photoresist mask. A PECVD metallization step between the second and third etch was carried
out by depositing low stress tungsten with a thickness of 200nm. The third etch defined the
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interdigitated metallization pattern on the cell. The fourth etch was created with DRIE through a
1.8 µm thick patterned photoresist mask targeted to 25 µm depth.

After tungsten metallization and the creation of the 25 µm deep trench, the fifth etch was
performed. For this step, the wafer was submerged in a potassium hydroxide (KOH) 6M solution
held at 85°C for 3 hours and 45 minutes and left 24 hours at room temperature to detach the cells
from the wafers. The solution accessed the unprotected silicon through the channels formed
during the third etch. The nitride walls protected the material enclosed by them. Also, due to the
orientation dependent etch rates, the (111) planes (parallel to the surface of the wafer) were
etched very slowly. The average experimental etch rate selectivity between the (111) and (100)
planes was 1:19, making the finalized cells thinner than the designed thickness: around 13.7 µm
instead of 20 µm. Fig. 58 shows images of attached and released cells.

100µm

front

back

250µm
A)

B)

C)

D)

Fig. 58. Images of cells: A) Array of 250 µm cells attached to the wafer B) front and back
of released cells. Tilted SEM of a 250 µm cell: C) back, D) front

One interesting feature of this type of cell is that the front of the cell has an automatically
created texture. This texture is produced due to the anisotropic nature of the KOH etch and is
noticeable on the front of the cell as displayed in Fig. 53 and Fig. 58 A). This texture (as
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explained in Fig. 6) enhanced the generation of the cell by changing the angle of the incoming
light, making it bounce inside the cell, and making it appear thicker. Fig. 59 depicts a 3D optical
profilometry image of the geography of the front surface of a KOH released solar cell. Two
different types of texture are visible, one at the micron level and another at the submicron level.

Micron level texture

Sub-micron level texture

Fig. 59. Optical profilometer images from two types of textures observed in the front of
KOH released solar cells.

In order to calculate the thickness of the cells created by this procedure, a total of 17 cells
were measured with the optical profilometer. Fig. 60 shows a 3D optical profilometry picture of
the front of the cell, revealing that the thickness of the absorbing material was less than that of
the walls (20 µm). On average, the measured thickness was 13.68 µm with a standard deviation
of 0.379 µm. The span of thicknesses for all 17 cells ranged from 12.91 µm to 14.3 µm.
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Nitride wall

Silicon cell

KOH-released cell
Fig. 60. Optical profilometry 3D picture of the front of a KOH

Another attempted recipe included the use of an nn-type (111) wafer instead of a p type
wafer. These wafers were processed in the same manner as previous wafers, but the results
differed significantly. Half of the cell was etched away, leaving only semiconductor material on
one side of the nitride enclosure as shown in Fig. 61.. This was attributed to a slight angle
deviation from
rom the normal direction of the (111) plane. Some vendors cut the wafers a few
degreess off the normal to avoid tunneling effects during implantation steps.

type wafers (wrong crystallographic
Fig. 61. Defective KOH etched cell with n-type
orientation). Left:: microscope picture
picture, Right: optical profilometer image

99

5.2.3

Fabrication of the next generation cells

The next generation cell design came from the need to apply a thin film on the front of
the cell (side without contacts) after the cells were released as explained in section 4.4. The next
generation designs were thought to be used for both release approaches: SOI wafers with HF
chemistry and (111) oriented wafers with KOH chemistry. So far, the process has only been used
on dummy wafers without junctions or metal. The following descriptions are for the fabrication
of dummy wafers.

5.2.3.1

Using SOI wafers and HF chemistry

The fabrication method for the cell created in a SOI wafer using HF chemistry for release
(suspension) is presented first. Fig. 62 shows the process flow to create the next generation cells.
A 300nm of low stress nitride and a 1 µm thick silicon oxide were deposited on a 6 inch, 700 µm
thick, 2 Ω-cm, SOI, p-type, (100) oriented wafer (A). Then, a deep etch (20 µm deep to the BOX
layer) to create the shape of the anchors and their frame was made (B). A photolithography
patterned 2.2 µm thick photoresist was used to create the pattern (layer 1 from Fig. 47). A wet
etch created a cavity so the anchor landed on the handle wafer (C). A 2um thick poly-silicon
layer was deposited to fill the previously created etches to create both the frame of anchors and
the anchors (D). The layer deposited was chemically and mechanically polished (CMP) leaving
the anchor plugs intact (E). Then, another deep etch to define the release holes and the edges of
the cell was performed using a 2.2 µm thick photoresist defined by photolithography to develop
the features (F). (layer 2 from Fig. 47), The final etch was performed with a wet etch in a 49%
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HF solution with Tergitol™ at room temperature for 70 min to suspend the cell by selectively
etching the BOX and leaving the cell intact.

A) SOI cell with nitride and oxide

B) First deep etch reaching the BOX
layer

C) wet etch to reach the handle wafer

D) poly-silicon fill

E) Chemical mechanical polishing

F) Second deep etch defining the cell
and 2nd wet etch to suspend the cell

Fig. 62. Cross section illustrating the process flow for the creation and suspension of the
cells

After processing, the wafer was diced in die (1cm2) and a small study was performed to
observe which designs were successful. The anchors survived the stress caused by capillary
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forces after suspension. However, the 1mm cells with 12 anchors failed since they stuck to the
wafer. This is not desirable because there should be a gap between the cell and the handle wafer
so that the nitride layers can be applied during later processing. Fig. 63 shows a microscope
picture with the results of the next generation cells. They are only attached to the wafer by
anchors. The figure shows that the 1 mm cells with 12 anchors (bottom right) failed. The failing
cells stuck to the wafer and didn’t leave a gap between the cell and the wafer.

1mm

Fig. 63. Microscope image of next generation cells cells attached to wafer. The cells in the
right bottom corner are 1 mm and have 12 anchors

Once the dies were diced, a tape pull test was performed to see if the anchors will break
under the tape adhesive force. The purpose of this release is to leave all the cells organized on
the tape so that tools such as pick and place could be used to move them into a flexible substrate.
The tape used was a 1027 UV curable tape from Ultron Systems [132]. Fig. 64 shows a picture
of the cells released on the tape as well as the die from which the cells originated. Most of the
designs were transferred onto the tape.
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Cells on tape

Most of the
cells transferred
to the tape.

Die where the
cells came from

Fig. 64. Results from the tape transfer test

However, not all the designs were transferred onto the tape. 0 shows the successful and
failed designs.

Table 4. Matrix of success of designs created for next generation cells
Lateral size 3 anchors
6 anchors
12 anchors 18 anchors
6 anchors
6 spring
(µm)
middle
corners
anchors
☺


☺


250
☺
☺

☺


375
☺
☺
☺
☺
☺
500
☺
☺
☺
750

☺
1000
design fabricated
design not fabricated
☺ successful (not stuck to handle wafer and transferred to tape)
 means design wasn't stuck due to capillary forces but it was not able to be transferred to tape
(anchors were too robust)
 means design failed due to capillary forces (stuck to substrate) bbut
ut was able to be released into
tape
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5.2.3.1.1

Transfer to flexible substrates

Using the techniques aforementioned for the SOI next generation cell, some
demonstration pieces were put together to show the feasibility of the technique to create arrays of
highly efficient solar cells in flexible substrates. Fig. 65 presents pictures of these modules.

Fig. 65. Prototype of flexible panel: flexible tape covered with 1 mm silicon hexagons.

5.2.3.1.2

Pick and place of parts

A trial to see the feasibility of performing “pick and place” of the parts released on tape
was completed. A research level pick and place tool from Royce instruments was used to
perform the trial. The hexagonal die was placed in a tape ring. The tool was able to recognize the
hexagonal die, lift the 375 µm die, and transfer it without breakage to a gel pack. The 250 µm die
was too small for the vacuum tip and the dies ≥500 µm were too small to be raised without
breaking. New lift tips and vacuum tips could be customized for this application so the first trial
very encouraging. Fig. 66 shows the process flow to pick and place the cells.
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Fig. 66. Process to pick and place cells from tape into organized arrays using automated
tool

5.2.3.1.3

Preliminary antireflection layer experiments

An antireflection (AR) layer is a thin film coat with a specific thickness and an index of
refraction that reduces glare or reflection. By using an AR layer, solar cell light absorption is
improved. In order to select the most efficient AR coating, a calculaiton to determine the index
of refraction was used. The formula used to determine the index of refraction needed for a single
layer AR coating is:

n AR = n0 n1 = 1 × 3.881 = 1.97

Eq. (31)

105

Where
n0 is the index of the first medium in this case will be 1 for air
n1 is the index of refraction for the second medium in this case 4 for silicon
nAR is the optimum index of refraction of the AR coating for the two mediums given in
this case the solution is around 2 for a silicon-air interface

The materials available for deposition at Sandia are represented in Table 5 [133] with
their respective refractive index. Silicon nitride’s index of refraction appears to have the closest
value to the index of refraction that was sought for silicon cell applications.

Table 5. Materials and their refractive index at a wavelength of 633 nm
Material
Silicon
Silicon dioxide
Silicon nitride (stoichiometric)
Alumina
Amorphous silicon

Refractive index
3.881
1.457
2.023
1.770
4.5

The antireflection coating chosen for this section was silicon nitride. In order to produce
a thickness that would reduce the glare to around 550nm (maximum of the solar spectrum), the
rule of the quarter wavelength was used. The silicon nitride coating thickness should be 550
nm/4 = 137.5 nm divided by the index of refraction (2) results in 68.75 nm.
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Various nitrate thicknesses were grown using PECVD nitride to see the effect of
thickness on the reflection of light. The thickness of the film was measured using an
ellipsometer. The reflectivity data was measured using a spectrometer and a silicon detector
(Optronic laboratories using 740-70 diffuse reflectance integrating sphere). The results are
shown in Fig. 67. The thickness of the film shifted the minimum value of the reflectivity curve as
the film thickness was increased. In comparison with a bare wafer, the reflectivity is dramatically
reduced. A greater reduction in the reflectivity can be achieved by using a multilayer stack of
thin films with dissimilar indexes of refraction.

Percentage of light reflectedd (%)

100
90
80
70
60
50
40
30
20
10
0
350

550

750

950

wavelength of incoming light (nm)
Bare silicon

59.4 nm of nitride

68.7 nm of nitride

76.2 nm of nitride

62.5 nm of nitride

Fig. 67. Reflectivity data from silicon wafers with different nitride thickness
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5.2.3.1.4

AR coating in next generation cells

After performing the tape pull tests for the next generation cells, an experiment was made
to see if the silicon nitride could be deposited in a conformal manner on the front and back of the
cell while the cells were still attached to the handle wafer. A special recipe of LPCVD nitride at
low pressure was used to deposit 70 nm of silicon nitride on the cells using a furnace. Fig. 68
shows the encouraging results. All the cells had a relatively uniform coating on the front and
back of the cells. The only cells that were not able to get a uniform layer were ones stuck to the
substrate (1mm cells with 12 anchors).

Original die where
cells came from

Cells on tape

Fig. 68. Passivated cells with nitride on tape

Thickness and uniformity were measured for the nitride on the front of the cell (the side
facing the wafer) since the quality of the AR properties is dependent on these variables. A
NanoSpec 6100 spectral reflectometer (manufactured by Nanometrics), was used to make the
measurements. The tool has two separate broad-band light sources: a deuterium lamp that
measures with UV wavelengths (typically 250-400 nm) and a tungsten halogen lamp that
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measures with visible wavelengths (typically 480-800 nm). It also has several objectives, which
provide for a range of measurement spot sizes from 6 microns to roughly 60 microns. The
measurements performed used visible wavelengths and a spot size of approximately 25 microns.

In order to obtain the visual representation presented in Fig. 69, the thickness of the
nitride layer was measured across the cell from the center to the edge. Then, optical pictures of
the cells sizes were taken (under the same magnification) with a microscope. Using image
processing tools (paint, Microsoft PowerPoint), thickness measurements were matched with
colors from the optical pictures to create a color scale. Finally, the thicknesses and the color scale
were compared to check for accuracy. The colors appropriately matched the thicknesses on the
color scale.

Fig. 69. Optical pictures of the hidden side of the cell with color coded scale of nitride
thickness
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Fig. 69 illustrates the following: smaller cells produced more uniform coating while
larger cells produced less uniform coating (more change in color). In addition, all the cells had
thicker layers close to the edge and close to the release holes (where the chemicals can go
through). In Fig. 70, the average nitride thickness of each of the models created is represented.
There is an inverse correlation between cell size and nitride thickness: as cell size increases, the
average nitride coating thickness decreases. In addition, the non-uniformity of the coating
thickness is increased as the cells size is increased. This occurrence might be explained by the
following: the chemicals in the chamber to deposit the nitride have to diffuse along greater
distances in the narrow separation between the cell and the substrate.
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Fig. 70. Results from the optical reflectometer thickness measurements from different cell
sizes.
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5.2.3.2

Using (111) oriented wafers and KOH chemistry

In order to create the process using a KOH chemistry to suspend the cell, a 6 inch, (111)oriented, 700 µm thick, 3-20 Ω-cm, p-type wafer was used. Fig. 72 shows the process flow to
create the next generation cell with KOH chemistry. The process began with a deep etch which
defined the size of the cell (A). The etch was a hexagonal trench with dimensions of 20 µm deep
and 1.5 µm wide (layer 1 from Fig. 48). The pattern was defined by depositing and developing a
3 µm thick photoresist. After creating the trench and removing the photoresist, a 1 µm thick low
stress silicon nitride layer was deposited to fill the trenches creating a protective nitride wall
around the cell (B). A second etch (layer 2 from Fig. 48) was made to create another deep trench
that is about 40 µm deep and 2 µm wide (C). This trench defined the frame and anchors of the
cell. A photolithography patterned 2.2 µm thick photoresist on top of a 1 µm previously
deposited oxide created the mask for the etch. Fig. 71 shows a cross section SEM of the first two
trenches (cell wall and anchors).

Anchors
Cell

Cell

trench (anchor
frame) defined
by layer 2

cell wall defined
by layer 1

Fig. 71. Cross section SEM of the first two trenches.
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A 1.2 µm thick nitride layer was deposited to fill the previously created etches and
created the anchor frame and the anchors (D). Then, the last deep etch to define the release
trenches (layer 3 from Fig. 47) was made, using a 2.2 µm thick photoresist defined by
photolithography to create the features (E). The final etch was a wet etch in a potassium
hydroxide (KOH) 6M solution (F).

A) First trench. Defines the cell wall

B) 1 µm of nitride deposition to fill
the trenches and create the cell wall

C) Second trench to create the
anchors and the anchor frame

D) 1 µm of nitride deposition to fill
the anchor trench

E) Third deep etch to create the
release trenches

F) Wet etch to suspend the cell

Fig. 72. Cross section and front view of the process flow for next generation cells using
KOH chemistry and a (111) oriented wafer
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Two wet etch temperatures were tested for suspending the cell: one at room temperature
(around 25 °C) and the other at 85 °C. Promising results were witnessed with this approach,
though it was not altogether successful. Fig. 73 shows the etch progress for the two temperatures.
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KOH at room temperature

KOH at 85 °C

1hr

0.5hr

2hr

1hr

4hr

2hr

8 hr

3:15 hr

31 hr

4:10 hr

72 hr

5:36 hr

Fig. 73. Progress in time of KOH etch at two different temperatures
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It is evident from Fig. 73 that the etch rate for 85 °C is higher than the one observed for
etches at 25 °C. From this same figure, the measurements of the lateral etch for the etch times
was extracted using on-screen calipers [134]. These measurements were compared with etch
rates from the literature [135]. The theoretical etch rates were obtained using die in which the
KOH was able to access the etch planes instead of having to flow through a micro channel. Fig.
74 shows the results from these measurements. The amount of material etched is linear at the
beginning, but seems to slow down as time passes. It is also interesting to see the difference
between the obtained etch rates (dots) vs. the predicted rates (lines).

Lateral lenght etched (µm)

100

10

1
0.1

1
10
time etched in KOH (hr)
Experimental @ 25 C

Experimental @ 85 C

theory @ 25 C

theory @ 85 C

Fig. 74. KOH etch length vs. time for two different temperatures
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100

Micro channels appear to slow down the reaction, especially for the higher temperature
etches. This was verified with the KOH side contact designs presented in section 5.2.2. Those
designs were successfully released after 5 hr etch. The only difference between the 5.2.2 designs
and the designs presented in this section is that the trench was 5 µm for the designs presented in
section 5.2.2. whereas the trench was 4 µm wide for the designs presented here.

For the lateral etch dimension, the etch rate vs. time was plotted. Fig. 75 shows the etch
rates for the two temperatures. The etch rate decreased as time progressed. This might be
explained by the fact that the chemicals from the wet etch have to travel farther as the etch
progresses in order to reach the surface to be etched (diffusion limited). Furthermore, the
selectivity changed as the time progressed for the experiment at 85°C. It appears that the
chemistry inside the micro chamber changed from the original bath, making the selectivity
between planes decrease. In comparison, the selectivity for the solution at 25 °C stayed relatively
constant at 20 vs. 5-8 for the solution at 85°C. This is contrary to information provided in the
literature [135], where the selectivity between planes has been reported as approximately 100.
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Fig. 75. A) Etch rate at 25 °C, B) Etch rate at 85 °C and C) selectivity between the
crystallographic planes for 85 °C
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6

Passivation and electrical characterization

Simulation results demonstrated the importance of surface passivation. This is
noteworthy because the released cells had a bare silicon front, resulting in a highly-reflective
surface with high surface recombination. The high rate of surface recombination decreased the
effective lifetime of the carriers and, with it, the overall efficiency. In order to increase the
effective lifetime, a passivation layer needed to be introduced. Furthermore, the passivation also
acted as an anti-reflection coating to increase light transmittance into the cell.

6.1

ATOMIC LAYER DEPOSITION

The first trial to passivate MEPV cells used alumina (Al2O3). Alumina has been
successfully used as a passivation layer on silicon substrates because it is deposited at
temperatures below 200 °C [105, 116] and is a conformal film, even in complicated structures.
Thus, a passivation study of the KOH cells was performed using ALD (atomic layer deposited)
alumina in a custom designed viscous flow reactor. The obtained films were 79 nm thick with a
growth temperature of 190 °C. The maximum efficiency produced from passivation with this
layer was 2.95% for samples annealed at 430 °C for 30 minutes on a hot plate and 4.14% for a
sample annealed at 430 °C for 30 minutes in an oven with a forming gas atmosphere.
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6.2

SELECTION OF PASSIVATION TECHNOLOGIES

In order to determine which methods yielded the best passivation results, we tested
various grown and deposited layers. The effective lifetime is defined as:

1

τ eff

=

1

τb

+

1
Eq. (32)

τs

Where
τeff is the effective lifetime of the wafer
τb is the carrier lifetime in the bulk of the wafer
τs is the carrier lifetime in the surface of the wafer

The simulations demonstrated that the passivation (surface recombination velocity) and
the lifetime in the bulk (wafer quality) are the most important parameters for high efficiency.
Obtaining τeff from measurements is a one method used to decide if the passivation effect will
create an efficient cell. In order to obtain the surface recombination velocity, two of the other
variables must be known. For the purpose of this thesis, only the lumped effect was observed.

The photoconduction decay (PCD) technique is a quick and reliable way to measure the
effective lifetime of the wafer. PCD is one of the optical measurement techniques in which
electron hole pairs are created using a flash light. After the excitation has stopped, the
conductivity of the sample is changed (due to the photogenerated carriers) and is monitored as a
function of time. The change in conductivity is correlated to the amount of carriers in the wafer,
and the time required to return to equilibrium is related to effective lifetime of the carriers [136].
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A PCD machine fabricated by Sinton instruments (WCT-100) was used to measure the
effective lifetime of the wafers. These "systems use the Eddy-current method. A sensor (a coil
built into the instrument stage) is placed near the silicon sample and sends electromagnetic
waves into the silicon. Light is then pulsed onto the sample to create the excess carriers, and the
coil circuit senses the increase in conductance of the sample due to the carriers. This data is
analyzed and the lifetime of the excess carriers during or after illumination is reported"[137].

Fig. 76 displays a generalized process to obtain an effective lifetime measurement using
the Sinton Machine. First, the following were obtained: the thickness of the wafer, thickness of
the AR coating, reflectivity vs. wavelength, and bulk resistivity from the wafer. With the
reflectivity data and the wafer thickness, a PC1D [138] simulation was run to obtain the optical
constant (overall light entering the wafer). The optical constant, the thickness, and the bulk
resistivity of the wafer was entered into the Sinton machine software. After calibrating the
machine, an effective carrier lifetime number is calculated by the software from the
photoconductance decay data.
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Fig. 76. Depiction of the process to obtain a lifetime measurement.

The pieces tested were 30 half wafers consisting of 8 (100)oriented, p type, >100 ohmcm, float zone wafers (FZ) and 8 (100)oriented, p type, 2-20 ohm-cm, monitor Czocharalski
(CZ) wafers. The wafers were cleaned, cleaved in half, and scribed in the top corners of each half
wafer. The processing conditions were divided in two. For the first process, the wafers were
divided into three equal groups: 1) one group had FZ and CZ unprocessed wafers , 2) the second
group had FZ and CZ wafers with a thin, 20 nm thick dry oxide, and 3) the final group of FZ and
CZ wafers had a wet oxide 20 nm thick. The second step applied one of five possibilities: 1) no
process 2) 60nm of PECVD nitride with ammonia plasma, 3) 60nm of PECVD nitride without
ammonia plasma, 4) 60nm of stoichiometric LPCVD, or 5) 60nm of low stress LPCVD nitride.
Table 6 summarizes the processes fulfilled for the CZ and FZ wafers.
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Table 6. Processing conditions for wafers
Nitride type
Wafer Wafer
#
type
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

CZ
CZ
CZ
CZ
CZ
CZ
CZ
CZ
CZ
CZ
CZ
CZ
CZ
CZ
CZ
FZ
FZ
FZ
FZ
FZ
FZ
FZ
FZ
FZ
FZ
FZ
FZ
FZ
FZ
FZ

Oxide
type

No process

NONE
NONE
NONE
NONE
NONE
DRY
DRY
DRY
DRY
DRY
WET
WET
WET
WET
WET
NONE
NONE
NONE
NONE
NONE
DRY
DRY
DRY
DRY
DRY
WET
WET
WET
WET
WET

X

PECVD
with HN3

PECVD
no HN3

LPCVD
(low stress)

LPCVD
(stress)

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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Code
n
A
P
L
S
d
d-A
d-P
d-L
d-S
w
w-A
w-P
w-L
w-S
n
A
P
L
S
d
d-A
d-P
d-L
d-S
w
w-A
w-P
w-L
w-S
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Process (see
Table 5 for details)

Fig. 77. Effective lifetime of wafers processed with different passivation schemes

Fig. 77 shows the results of the effective lifetime measurements of the wafers using
different passivation processes (see Table 6 for the code). The procedures resulted in an
enhanced effective lifetime except for the low stress nitride (L). Furthermore, the CZ wafers had
longer lifetimes than the FZ for the procedures except for PECVD nitride with and without
ammonia plasma (A and P) as well as dry oxide with ammonia plasma PECVD (d-A). For the
majority of cases, the stacked combinations of nitrides and oxides did not achieve longer
lifetimes than single films.
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The lifetimes are represented in linear scale in Fig. 77. It is evident from Fig. 77 that the
PECVD nitride wafers (with and without ammonia) outperformed the rest of the combinations
by at least one order of magnitude. Due to these findings, a detailed study of PECVD nitride was
performed to optimize the performance of cells with this layer. The results are shown in section
6.3.

6.3

OPTIMIZATION OF SI3N4 PASSIVATION TECHNOLOGY

Since the best effective lifetimes were obtained using PECVD nitride, an optimization
process for this film was created. Most of the studies found in the literature for the optimization
of this layer have used substrates 10-15 times thicker than ones used for this research.

A two part process was designed to maximize the passivation performance of plasma
enhanced chemical vapor deposition (PECVD) silicon nitride. The two processes explored in this
optimization were 1) growth conditions and 2) anneal conditions. For the first part, a full
factorial experiment to maximize the passivation by studying three main variables was
performed [111]. The three variables were as follows: temperature (high or low), the RF power
(high or low), and the concentration of the ammonia in chamber (high or low). High temperature
condition was 350 °C for the top temperature of the chamber and 200 °C for the bottom. Low
temperature condition was 150 °C for the top temperature of the chamber and 100 °C for the
bottom. High RF power was 80 W and low RF power was 20 W. The high ratio between the
ammonia (NH3) and silane (SiH4) flows was 1.25, while the low ammonia ratio was 0.25. Other
variables were kept constant with: pressure = 900 mTorr, silane flow = 200 sccm, helium flow =
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500 sccm, and nitrogen flow = 300 sccm. The nitride thickness was targeted between 64 and 74
nm to produce the desired anti-reflection properties.

The open circuit voltage (Voc) of 22 cells divided in 8 groups was used as a relative
measurement of the passivation quality [115]. Fig. 78 reveals that the most influential parameter
in this experiment was the deposition temperature. For all cases, higher temperatures produced
higher average Voc, most likely because more hydrogen was introduced by running the process at
higher temperatures [99]. For high temperature runs, a high RF power affected positively the Voc
of the samples. For the high temperature and high RF, the ammonia content seemed to have a
small effect on Voc. The high temperature, high ammonia, and high RF power recipe were used
to perform the anneal optimization because higher deposition rates and an index of refraction
closer to 2 (greater AR coating for air-silicon interfaces) were obtained. Furthermore, other
researchers [96] have found superior passivation properties with higher ammonia concentrations.
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Fig. 78. Average open circuit voltage of the solar cells passivated with nitride for different
processing conditions

The second part of the experiment involved the optimization of the film annealing time.
70 nm of silicon nitride (RI=1.9622) were deposited using the best recipe from the first part of
the experiment (high temperature, high ammonia, and high RF power) in five sets of samples.
This thickness and refractive index created a quarter wavelength coating optimized to transmit
into the cell almost 100% of the light in wavelengths around 550 nm. A 450 °C forming gas
anneal was performed in an EVG-520 wafer bonder oven. For the experiment, 4 sets of samples
(each one is a glass slide with several micro cells on it) started inside the anneal oven in forming
gas (3% H2, 97% N2) at room temperature. All the cells for each slide underwent the same
conditions. Once the temperature reached 450 °C, a slide was taken out at one hour intervals,
providing four different anneal times. A fifth set without anneal was used as a comparison at 0
hr.

Fig. 8 shows the open circuit voltage obtained from the solar cells passivated under
different anneal times. For increasing anneal time at 450 °C, higher voltages were obtained,
peaking at 3 hours and dropping after that.
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Fig. 79. Open circuit voltages for different annealing times. The diamonds represent the
experimental data and the line a quadratic fitting

6.4

PASSIVATION EFFECT ON PERFORMANCE

This section presents some of the results of the electrical characterization of fabricated
MEPV cells under a solar simulator. A Spectrolab model XT-10 class A solar simulator with a 1
kW, short arc, xenon lamp was used for testing. The spectrum was normalized to 1000 W/m2
using a silicon reference cell. The beam was an 8"X8" square and the chuck was temperature
controlled using thermoelectrics. The solar cell was connected to a Keithley model 4200 system
with 4210 modules, with output sent to LabVIEW to be analyzed with internally developed
software. The pads were then contacted by probes using the 4 wire method (force-sense) to
reduce the effects of the resistance of the cables and connectors in order to do one sun calibrated
measurements. Fig. 80 shows the A) solar simulator setup, B) the LabVIEW interface program,
and C) a detail of the four wire probes landing on the silver paste pads.
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A)

B)

C)

Fig. 80. A) Solar simulator, B) LabVIEW interface program C) detail of the contacts

The cells were measured in a pseudo-bifacial mode. Some reflected light from the chuck
returned to the cell through the non-metalized area (13% of the total area of the cell). An average
relative efficiency loss of 7.65% was observed when using a non reflective chuck compared to a
reflective one. All the measurements were performed with a reflective chuck, since 100% metal
coverage on the back side of the cell could be implemented in future iterations of the cells.

Fig. 81 shows the results from the highest efficiency cells with different passivation
approaches for 250µm KOH cells of identical junction/contact designs. The results were grouped
in 4 categories: unpassivated, alumina coated, Si3N4 coated with no anneal, and Si3N4 coated
with anneal. The legend describes the treatments applied to the cell as well as the efficiencies
obtained for each curve of Fig. 81. The unpassivated cell was closest to the origin and had the
lowest efficiency of 1.24% (gray dot). Besides having a low Voc and current density (Jsc), it had a
low fill factor. All of these attributes could be due to excessive recombination. The two
subsequent curves (orange dot and dash) were treated with alumina. They show that the Jsc in the
device had increased by a factor of two; however, the fill factor was still poor. The curves treated
with Si3N4 without anneal (blue dot and dash) showed increased efficiency due to improved Voc
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and Jsc. However, the fill factor was not improved. It was not until the forming gas anneal
together with the optimized nitride was introduced that the fill factor of the curves was improved
significantly. Between the three curves with nitride and anneal, the fill factor was quite similar,
but mainly the short circuit current density and Voc improved as the anneal time was increased.

Fig. 81. Best J-V curves of micro cells with different passivation schemes. The highest
efficiency curve (solid black) corresponds to a cell with a current density of 31.75
mA/cm2, a fill factor of 78.4%, a Voc of 597 mV, and an efficiency of 14.86%

An attempt to replicate the experimental curves by simulation was performed. since
passivation was the only variable that changed in the experimental results. These simulations
utilized the same structure shown in Fig. 23 with the parameters from section 3.4.10 (except for
the thickness that was held at 14 µm). These parameters correspond to the fabrication details
used for the cells in Fig. 81. Surface recombination velocity was the only changed variable
shown in the graphs. Fig. 82 reveals the simulated J-V curves in Medici. In the graph, the current
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and open circuit voltage were increased drastically as the SRV was reduced from 105 cm/s to 100
cm/s. An ideal case where the SRV is 0 cm/s was also plotted as a comparison.
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Fig. 82. Simulated J-V curves of a 14 µm silicon cell with different surface recombination
velocities (indicative of surface passivation quality)

Figure 82 demonstrates that higher efficiency was obtained with a lower SRV number.
Alternately, in Fig. 81 shows that certain films and anneals applied to the cell lead to higher
efficiencies. Thus, it can be inferred that the higher efficiencies obtained during the optimization
steps were due to a lower SRV (higher passivation quality). Finally, by comparing the highest
efficiency J-V curves of both simulated and experimental results, it could be concluded that the
SRV in the 14.9 efficiency cell is below 100 cm/s.
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Other models of solar cells were passivated with the same recipe, and the results from the
most efficient cells are shown in Fig. 83. The inset table shows the voltage current
characteristics. The same cells without passivation had efficiencies 10 times lower.
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Fig. 83. J-V curves of highest efficiency cells

6.5

SIMULATION AND EXPERIMENTAL RESULTS COMPARISON

The experimental J-V curves shown in Fig. 81 were matched to simulated curves. The
simulated curves were obtained by using the methods described in section 3.3. The conditions for
the simulations recreated the exact configuration of the experimental solar cells. The design
dimensions used for the MEPV unit cell were the ones for the “250 µm relaxed” design
described in Table 2 and the simulated fabrication conditions were the ones described in section
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5.2.2. The only variable for the simulations was the surface recombination velocity. The SRV
was adjusted for each curve of the experimental data as shown in Fig. 84 to fit the experimental
curve.
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Fig. 84. J-V curves of simulated data matched to experimental data.
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Fig. 84 A-H show the experimental data (blue diamonds) and the fitted simulated data
(red solid line) for different passivation cases. There is a correspondence between the efficiency
and the SRV. For the cases where the efficiency is superior to 12% (G,H), the fit between the
experimental and the simulation curve is adequate. Also, the ideality factors of the experimental
curve (n) were close to 1 and the surface recombination velocity was below few hundred cm/s.
The highest efficiency experimental curve corresponds to a simulated SRV = 60 cm/s.

For cases B-F, the fit between the simulations and the experimental curve was not
optimal. The difference observed between experimental work and the simulations could be
attributed to other linked effects non considered by the simulator. For example the passivation
effect of diffused hydrogen (from PECVD deposition) into the bulk. Cases A-F demonstrate a
high ideality factor and cases A-D show ideality factors greater than 2. The high ideality factors
could be attributed to excessive recombination.
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7

Conclusions

Understanding the optimization parameters of ultrathin and small-form-factor solar cells
is crucial for the deployment of MEPV based technology. Tools and technology from
microsystems were used to simulate, design, fabricate, and release small-form-factor solar cells
that are 10-15 times thinner than typical commercial crystalline silicon cells.

Commercial simulation tools were used to modify parameters and measure the effect on
cell performance. The researched parameters were: resistance, wafer lifetime, contact separation,
implant characteristics (size, dosage, energy, ratio between the species), contact size, substrate
thickness, surface recombination, and light concentration. The investigation of these parameters
revealed that a high quality surface passivation was the most important factor in obtaining higher
performing cells. Therefore, several approaches for enhancing the passivation were tried,
characterized, and tested on cells.

Simulations showed that depending on the quality of the passivation, a 14 µm thick,
back-contacted device with point contacts could have efficiencies ranging from 1% to 15%.
Through the experiments, passivation with a PECVD silicon nitride layer was found to be
superior to ALD alumina, silicon dioxide, or LPCVD nitride. A two step study was then made to
optimize the growth conditions and the annealing conditions to create the PECVD nitride with
the highest passivation quality.

In addition, a methodology to contact and test the performance of all the cells presented
in the dissertation under calibrated light was created. Also, a next generation cell design that
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could incorporate all the optimized layers, including the passivation, was designed, built, and
tested. Furthermore, an optimized design to achieve the highest conversion was proposed using
the results from the simulations. In conclusion, through this investigation, solar cells that
incorporate optimized designs and passivation schemes for ultrathin solar cells were created for
the first time. Through the application of the methods discussed on this document, the efficiency
of the solar cells increased from below 1% to 15% in MEPV devices. As a result, a 14 µm thick,
250 µm wide photovoltaic cell was created and optimally passivated to yield 14.9% efficiency.
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Appendixes

A.1 BOSCH ETCH ASPECT RATIO STUDY

Deposition/etch (dep/etch) processes such as the Bosch etch are fairly common MEMS
processes and were used extensively in the solar cell designs presented throughout this
dissertation. In a dep/etch procedure, a polymer, similar to Teflon, is deposited using a
fluorocarbon source gas. This coating passivates the bottom and sidewalls of the feature that is
being etched. On the subsequent etch step, ion bombardment removes the polymer from the
bottom of the feature, allowing additional etching. Since the sidewalls do not see significant ion
energy they are protected from etching. The cycle (few seconds long) is then repeated as many
times as necessary. The etch step is fairly isotropic, which produces scalloped sidewalls as seen
in Fig. 85.

scallops

Fig. 85. Bosch etched trench detail
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Some extra testing structures were added to one mask (next generation cell mask) to
determine the effect of width on the etch rate when making deep trenches and deep holes using
the Bosch etch technique for 82 cycles. The results are shown in the following three figures.

depth

width

Fig. 86. SEM of Bosch etched holes and overlaid design mask in red
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Fig. 87. SEM of Bosch etched trenches and overlaid design mask in red

Fig. 86 and Fig. 87 shows a slower etching rate for holes than for trenches of the same
size. Also, the wider the trench or hole was, the deeper the feature was etched. From these same
figures, the depths of the holes and trenches were measured and plotted in Fig. 88. This figure
shows that the etch rate is dependent on the aspect ratio. As the etch progresses, it slows down.
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Fig. 88. Etch depth vs. width of trench or hole

A.2 PROGRAM IN TSUPREME4 TO GENERATE THE SIMULATED STRUCTURE

$sentences proceeded with the symbol $ are comments
$tsuprem4 algorithm for the generation of a 2D structure
$line command creates the mesh for x and y
$ the next two lines are for a 200 um wide device
line x loc=0.0 spac=2 TAG=LEFT
line x loc=200 spac=2 TAG=RIGHT
a 20 um thick device with a fine mesh close to the front and
$ coarse near the middle
line y loc=0 spac=.06 TAG=Si
line y loc=2.5 spac=.11
line y loc=5 spac=.5
line y loc=17.5 spac=.2
line y loc=20.0 spac=0.1 TAG=arriba
line y loc=20.07 spac=.035 TAG=abajo
$ the next two lines tag the upper and lower limits of the antireflection coating (70 nm)
REGION NITRIDE XLO=LEFT XHI=RIGHT YLO=arriba YHI=abajo
REGION silicon XLO=LEFT XHI=RIGHT YLO=Si YHI=arriba
$ the next line defines that the cell is made of a (111) oriented wafer with a resistivity of
$ 20 Ohm-cm
initialize MATERIAL=SILICON ORIENTAT=111 RESISTIV BORON=20

145

$ the next five lines create a photoresist mask 2.2 um thick with 1 um openings between
$ the x coordinates of 29.5 and 50.5
deposition material=photores thicknes=2.2 spaces=2
ETCH PHOTORES START X=49.5 Y=0.001
ETCH CONTINUE X=50.5 Y=0.001
ETCH CONTINUE X=50.5 Y=-2.201
ETCH DONE X=49.5 Y=-2.201
$ the next line creates a boron implantation
IMPLANT IMPURITY=BORON DOSE=10^16 energy=30 TILT=7
ETCH ALL PHOTORES
$ the next five lines create a photoresist mask 2.2 um thick with 1 um openings between
$ the x coordinates 149.5 and 150.5
deposition material=photores thicknes=2.2 spaces=2
ETCH PHOTORES START X=149.5 Y=0.001
ETCH CONTINUE X=150.5 Y=0.001
ETCH CONTINUE X=150.5 Y=-2.201
ETCH DONE X=149.5 Y=-2.201
$ the next line creates a boron implantation
IMPLANT IMPURITY=PHOSPHOR DOSE=10^16 energy=30 TILT=7
ETCH ALL PHOTORES
$ the next line creates an anneal at 900 °C for 30 min
DIFFUSION time=30 temperatur=900 inert
$ the next line deposits a silicon nitride layer 0.5 um thick
DEPOSITION MATERIAL=NITRIDE THICKNESS=0.5
$ the next lines etches the point contacts out of the nitride
ETCH NITRIDE START X=49.75 Y=1
ETCH CONTINUE X=50.25 Y=1
ETCH CONTINUE X=50.25 Y=-1
ETCH DONE X=49.75 Y=-1
ETCH NITRIDE START X=149.75 Y=1
ETCH CONTINUE X=150.25 Y=1
ETCH CONTINUE X=150.25 Y=-1
ETCH DONE X=149.75 Y=-1
$ the next lines define aluminum as a perfect conductor and deposit a 1.12 um thick layer
$ of aluminum
MATERIAL ALUMINUM CONDUCTO
DEPOSIT ALUMINUM THICKNESS=1.25
$ the next lines separate the contacts
ETCH ALUMINUM START X=99 Y=0.5
ETCH CONTINUE X=101 Y=0.5
ETCH CONTINUE X=101 Y=-2
ETCH DONE X=99 Y=-2
ELECTRODE NAME=P1 X=50
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ELECTRODE NAME=N1 X=150
$ the next lines create a 2D plot of the device
select title= "KOH cell 250 um thick fingers"
plot.2d grid
COLOR NITRIDE COLOR=2
COLOR ALUMINUM COLOR=3
LABEL X=100 Y=-1.5 LABEL="P1 (BORON IMPLANT)" CENTER
LABEL X=300 Y=-1.5 LABEL="N1 (PHOSPHORUS IMPLANT)" CENTER
SELECT Z=log10(Boron)
COLOR MIN.V=16.5 MAX.V=20 COLOR=4
SELECT Z=log10(Boron)
COLOR MIN.V=15 MAX.V=16.5 COLOR=5
SELECT Z=log10(PHOSPHOR)
COLOR MIN.V=16.5 MAX.V=20 COLOR=6
SELECT Z=log10(PHOSPHOR)
COLOR MIN.V=15 MAX.V=16.5 COLOR=7
$ the next line saves the output file of Tsuprem4 so Medici can read it
savefile out.file=concentrationout medici
$ the next lines create a 1D plot of the doping densities the center of each contact
SELECT Z=LOG10(Boron) TITLE="Dopant concentration"
+LABEL=LOG(CONCENTRATION)
PLOT.1D BOTTOM=13 TOP=21 RIGHT=5 LINE.TYP=2 COLOR=2
+x.value=50
SELECT Z=LOG10(Phosphor)
PLOT.1D ^AXES ^CLEAR LINE.TYP=3 COLOR=3 x.value=150
LABEL X=0.8 Y=20.5 LABEL="BORON ALONG x=100 um line"+
LINE.TYP=2 C.LINE=2
LABEL X=0.8 Y=20.1 LABEL="PHOSPHORUS ALONG X=300 um line" +
LINE.TYP=3 C.LINE=3
$ the next line ends the program
Quit

A.3 PROGRAM IN MEDICI TO GENERATE J-V CURVES
$ Generates the points of an IV curve from a 2D structure under light
$ the next line gets the data from the previously saved file from Tsuprem4
MESH TSUPREM4 IN.FILE=concentrationout
$ the next rename the electrodes and assumes that the metal is a perfect reflector
RENAME ELECTR OLDNAME=P1 NEWNAME=anode
RENAME ELECTR OLDNAME=N1 NEWNAME=cathode
CONTACT NAME=cathode REFLECT=1.0
CONTACT NAME=anode REFLECT=1.0
$ the next line tell the software to use the concentration mobility model, the
$ concentration dependant recombination, assume auger recombination and bandgap
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$ narrowing
MODELS CONMOB CONSRH AUGER BGN
$ the next line tell the software the contestants for the auger recombination and the lifetime of the wafer
MATERIAL SILICON N0.BGN=1.3e17 V0.BGN=5.21e-5 CON.BGN=0.5
+TAUN0=1e-3 TAUP0=1e-3
$ the next line gives the front of the cell a surface recombination velocity of 50 cm/s
INTERFACE X.MIN=0 X.MAX=200 Y.MIN= -19.99 Y.MAX=20.07 S.N=50
+S.P=50
$ the next lines generates the light source based on a previously saved solar spectrum
$starting at 0.3 um and ending at 1.3 um with 30 points originating at 100 in x and 50 um
$ in y at a normal angle of 90 degrees pointing up and with a factor of 1 (1 sun). The
$width of the ray is 200 um with 20 rays.
PHOTOGEN RAYTRACE SP.FILE=am15b.dat WAVE.STA=0.30
+WAVE.END=1.3 WAVE.NUM=30 INT.SCAL=1c X.ORG=200/2
+Y.ORG=(50) ANGLE=-90 INT.RATIO=1 N.INTEG=10 SPLIT.RA
+RAY.W=200 RAY.NUM=20
$ the next lines solve the equations and saves the 39 simulated voltages and currents in a file named
ivpointsconcentration, then the program closes
SYMB NEWTON CARRIERS=2
SOLVE
SYMB NEWTON CARRIERS=2
LOG OUT.FILE=temp.md.iv
SOLVE V(anode)=-.1 ELEC=anode VSTEP=0.025 NSTEPS=39*1.0
out.file=ivpointsconcentration
LOG CLOSE
QUIT

A.4 SELF ASSEMBLY

Self assembly is a possible solution to organizing the micro solar cells produced through
this dissertation into periodic arrays. Self assembly relies on an energy minimization scheme: the
particles (solar cells) are attracted to a place where the energy is minimal. A few experiments
were tried to see if the cells could be manipulated and moved around with an external stimulus.
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For the experiment demonstrated here, a small vibration table (1inch×1inch), activated by a
small piezoelectric actuator (PI's PICMA PZT P-885.11 from www.physikinstrumente.com)
excited by a signal generator at 13Khz with 10Vpp was used. The setup was placed under a
microscope to see the results on the cells. Fig. 89 shows the diagram of the setup as well as some
pictures of the setup.

A)

B)

C)

Fig. 89. A) Vibration table setup, B) diagram of setup, C) probe station

The solar cells of different sizes were placed on top of the glass slide and covered with
IPA. Then, the frequency of excitation was changed in the function generator to see if there was
a range where the cells seem to respond. Around 13Khz, the cells started to shift to the corner.
The result was the same at repeated instances. It seemed to create an energy minimization point
at the corner of the slides while vibrating. Fig. 90 shows six snapshots of the movie shot at
different times during the progress of alignment. It shows that after only 6 seconds, all the cells
were arranged in sizes close to the corner of the slide.
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Fig. 90. Cells aligning in the corner: Preliminary results of self assembly using a vibration
table excited at 13Khz.

A.5 HYDRODYNAMIC FOCUSING FOR SELF AS
ASSEMBLY

Another way to create arrays of solar cells is by using induced self assembly.
assembly The cells
could be dispensed by parallel streams on small capillary tubes
tubes. Also, hydrodynamic focusing
could be used for this process.. This cconcept creates a narrowed stream of liquid within a primary
stream as shown in Fig. 91. The narrowed stream could be used to transport cells and deliver
them to desired places. For the experimental part
part, two concentric tubes with small diameters (0.5
(
mm and 2 mm internal diameter)) were used. In the internal stream, gravity allowed the IPA with
ink to flow inside the main stream by placing the two reservoirs at different heights.
heights The main
stream was composed on only IPA without ink
ink. By changing the relative vertical of one reservoir
vs. the other, a hydrodynamic focused stream was able to be ge
generated
nerated as shown in Fig. 91.
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Fig. 91. Hydrodynamic focusing experiment

A.6 MICROLENSES MOLD

In order to create an array of microlenses, a mold was designed in AutoCAD. The
microlenses will be used to create flexible modules with embedded solar cells. The lenses had a
radius of curvature of 2.75 mm. This radius was calculated assuming that light will enter the
refractive material (in this case PDMS) with a refractive index (RI) =1.4 from air (IR=1) to focus
the incoming light into a 0.9 mm in diameter spot (inside of a 1 mm solar cell). The mechanical
drawings are shown in Fig. 92 with the dimensions.
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Fig. 92. Mechanical drawing of the microlens mold designed in AutoCAD
The mold is shown in Fig. 93(left). The mold was made of aluminum with an automated
drill. The 3D AutoCAD mold design was uploaded into the automated drill computer, and the
drill automatically carved the aluminum mold base on the uploaded design. Further polishing
steps were implemented to achieve a smooth, reflective surface on the mold. The lenses with
embedded solar cells are shown Fig. 93(right). The microlenses were made by pouring non cured
PDMS to the mold. After the PDMS was cured, the microlenses were removed from the mold.

152

Fig. 93. Left Microlenses mold, actual microlenses molded with solar cells embedded

A.7 FLEXIBLE CIRCUITS

In order to fabricate working prototypes, a receiving substrate with interconnections for
the cells was created. For this, an AutoCAD design was created at Sandia and sent for production
at All FLEX (www.allflexinc.com). The design purpose of these substrates was to achieve a
flexible substrate with pre-positioned cell connections. Then, conductive epoxy was used to
create easy contact to the pads of the cell. The larger pads on the side of each mini-module
(shown in. Fig. 94 C left) were utilized to transfer the module output to an external device. Fig
93A) shows the top, cross section, and bottom view of the conceptual design of the flexible
substrates. The cell sits on the top side with the contacts facing down. Then a conductive epoxy
is used to connect the cell with the copper features. Fig. 94 B) shows the flexed built substrate
and C) shows a detail onto one mini module that holds two 1 mm cells connected in series.
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A)

B)

C)

Fig. 94. A) Conceptual design of the receiving flexible substrates B) and C) photos
p
of the
flexible substrates
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A.8 FIRST WORKING PROTOTYPE

Using concepts similar to ones presented for the flexible substrates, Universal
Instruments built a flexible substrate based on Sandia designs. The radial cells (SOI) type cells
with radial contacts were placed (using pick and place tools) on specific locations. The contacts
to the cells were made using small bumps of silver paste. Fig. 95 shows a small module with 30
cells arranged in 6 parallel strings connected in series, being tested with a quasi-calibrated light
of one sun. The voltage output was 4.2 Volts. However, the module created only a few µA due to
non ideal contacts. New iterations of these models are currently being worked on.

Fig. 95. First working prototype module built by Universal Instrument for Sandia
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A.9 COST SCENARIOS

Two costs scenarios were calculated with a simple Excel spreadsheet using the following
assumptions: Irradiation: 100 mW/cm2, Area: 0.0025 cm2 (0.5 mm side square), Process cost:
$100/wafer, Wafer size: 8 inch, Cell Yield: 95 %, Pick and place costs: $0.001/part, Module
materials cost: $50/m2, Direct light: 85%, Usable light (due to optic loss): 94%. Fig. 96 shows
the results from the calculations. Even though the unit price to produce these type of cells is
expensive at the beginning, the price per W/peak is dramatically reduced when using optical
concentration. For the self assembly scenario, prices around $0.50/Wp are achieved when using a
concentration of 50X and 25% efficient cells. For the pick and place scenario, wider sizes of
cells are preferred since there is a price per placing cost. Costs of $1/Wp are achieved when
using cells of 1 mm of side with a mild concentration of 50X.

Self
assembly
scenario

Pick and
place
scenario

Fig. 96. Cost scenarios for $/Wp vs. optical concentration for: self assembly (left) and pick
and place assembly (right)
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A. 10 CONTACTING PROCEDURE

Due to the small lateral dimensions of the cells, techniques had to be developed to
establish an electrical contact and to package the cells so they could be tested using standardized
equipment. A novel procedure was developed in order to provide an electrical contact to the
miniature solar cells. First, a small piece of cured polydimethylsiloxane (PDMS) polymer was
created. GE Silicones’ two-part PDMS polymer kit RTV 615 A+B (A is the silicon and B the
curing agent) with the trade name of silicone potting compound from was used. The two parts of
the kit were mixed in a weight ratio of 10:1 (A:B) to produce the mixture for the square part.
Then, the mixture was poured onto a flat wafer and cured for 5 min at 145°C. This procedure
created a large piece of film that could be cut into smaller pieces. PDMS is used because it does
not adhere to the conductive or dielectric pastes used to contact the cell.

Fig. 97 displays the pictures of the process used to attain a good contact to the radial solar
cells. To begin the contacting procedure, the solar cell was put on the PDMS square and the
square is placed on top of a glass slide (A). Then, the back of the cell (metalized side) was placed
facing up (B). A Mikros™ dispensing pen, together with a dispensing station (air pulsed
controlled) bought from EFD®, were used. Small amounts of dielectric and conductive paste
were dispensed under a stereoscopic microscope through a small tip (gauge 32) or 100 µm inner
diameter (part number 7018462 from EFD®). A small amount of conductive silver paste
(staystick 171 from Cookson electronics http://www.cooksonsemi.com/) was used to make
contact to one of the sides of the cells (D). Then, a small amount of dielectric paste (staystick
371 from Cookson electronics) was applied everywhere in the cell except in the center, leaving
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the center contact opened (E). A short curing time of 2 min at 150°C was followed by placing the
glass slide on a hot plate (F). The center contact was finished by creating a strand of silver paste
from the exposed center of the cell towards the edge. A short curing step was completed for 2
min at 150°C (G). Since the pastes used did not stick to the PDMS, the cell was taken from the
PDMS film and placed in a glass slide. The glass slide was flipped so the front of the cell was
facing up (H). Thicker pads of silver paste were drawn on the glass slide and connected to the
smaller silver pads of the cell. Finally, a longer cure of 5min at 200°C was prepared to evaporate
the solvents and make the paste conductive.

The contacting procedure for KOH cells (side contacts) is similar to the one presented for
radial contacts. It does not require making a dielectric ring around the cell.
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Fig. 97. Contacting procedure for the radial solar cells
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